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Abstract
Due to the environmental problems arising from the combustion of fossil fuels and 
their depletion, the production and use of renewable fuels have grown rapidly in recent 
years. Hydrogen is among the promising fuels of the future as the only material that can be 
produced from the burning of hydrogen in air is water. The production of hydrogen by the 
photocatalytic water splitting method involving a semiconductor is a promising development 
in the field of energy and the environment, and this technique was employed in this work.
T i0 2 and palladium were the main photoactive support and loaded metal used in 
this project, respectively. The hydrogen production, whether from water/methanol solution or 
water alone, was investigated by illumination of the catalyst by UV irradiation produced from 
an Xe arc lamp. The reactions were performed in liquid or gas phase under an argon 
atmosphere as an inert gas. The gaseous products were collected and analysed using gas 
chromatography. The main method used in Pd loading was the impregnation method.
0.5% and 0.1% wt Pd loading were the best in terms of hydrogen production rate in 
liquid and gas phase reactions respectively. 0.5% Pd/Ti02 (P25) was used in the remaining 
experiments to investigate some of the variables, to maximize the rate of H2 production. 
Glycerol displayed an activity and produced hydrogen and carbon dioxide, as in the case of 
methanol but in much higher quantities. Loading of mesoporous T i02 by a different weight of 
Pd, which had a high surface area, gave less hydrogen than Pd/P25 whether in liquid or gas 
phase reactions.
The efficiency of Pd loaded titania (P25, pure anatase or anatase prepared by 
CHFS) doped by non-metals such as nitrogen, silver or strontium was low and less than 
Pd/Ti02.
Hydrogen produced over Pd/Ti02, Au/Ti02 and T i0 2 from water photolysis was also 
very low. The recombination between hydrogen and oxygen (back reaction) was studied 
over these catalysts and it was found that it was fastest on Pd/Ti02 whether in the dark or in 
the presence of light. For Au/Ti02, the light enhanced the hydrogen and oxygen reaction.
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CHAPTER ONE
Introduction
Chapter one Introduction
1.1 Introduction
The economies of all industrial countries are completely dependent 
on fossil fuels (coal, oil and natural gas). The combustion of these fuels 
provides energy, which is needed for heating, transportation, electricity 
generation and other industries.
Although fossil fuels have played an important role in making 
western societies what they are today, there are some problems related 
to the use of these sources of fuels:
a) Air pollution
In the process of converting of fossil fuels to energy, waste gases 
are released into the atmosphere causing air pollution, which affects the 
environment, human health, and the quality of life. Among these harmful 
gases are carbon dioxide; carbon monoxide; nitrogen oxides; sulphur 
dioxide; and particulates, that is, tiny solid particles, including lead from 
gasoline additives. Currently, the concentration of C 02 in the atmosphere 
is above 360 parts per million (ppm), although before the industrial 
revolution, the C 0 2 concentration had been close to 280 parts per million 
(ppm). The increasing C 02 concentration has led to global warming[1].
B) Depletion of fossil fuels
Over the next few decades, the world will face the dilemma of what 
to do when the remaining reserves of fossil fuels run out. Fossil fuels play 
a crucial role in developing societies, especially in the transport sector,
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which consumes 95% of oil worldwide121. Table 1.1 displays the 
distribution of outstanding reserves of fossil fuels in the reservoirs 
throughout the world in giga tonnes of oil equivalent. As can be seen in 
this table, coal exists in huge amounts compared to oil and gas over the 
world and constitutes 65% of fossil fuel reserves, which means that it will 
be the fuel of the future and may last for as long as the next 200 years. In 
contrast, reserves of gas and oil are limited by size and location, which 
affects the world energy market.
Table 1.1: The estimated distribution of remaining reserves of fossil
fuels in 2006[34'.
Region
Fossil fuels reserve (giga tonnes of oil equivalent)
Oil Coal Gas Sum
North America 8 170 7 185
South
America 15 13 6 34
Europe 2 40 5 47
Africa 16 34 13 63
Russia 18 152 52 222
Middle East 101 0 62 167
India 1 62 1 64
China 2 76 2 80
Australia and 
east Asia 2 60 10 72
Total 165 607 162 934
3
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Because a finite amount of fossil fuels is available, the global 
production of oil and natural gas will peak around 2010, according to the 
Association for the Study of Peak Oil (ASPO). For coal, the Energy Watch 
Group (EWG) claims that the peak of global coal production will occur 
around 2025. In 1956, Hubber*51 created a mathematical model that 
predicts the date of maximum oil production output (peak) for an oilfield, 
multiple oil fields, or an entire region, and this model can be applied to 
other fossil fuels. According to Hubber’s peak theory, when fossil fuel 
reserves are discovered, the production increases exponentially until it 
reaches a peak, a singular event in the history of production, then after 
this peak, production starts declining. This behaviour follows a bell curve, 
which can be applied for estimating the fuel production by replaced X and 
y scales by the time and the production scale, respectively (Figure 1.1).
8 . 2 5
-6 - 4 2- 2 0 4 6
Figure 1.1: Standard Hubber's curve.
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Due to the environmental problems arising from the combustion of 
fossil fuels and their depletion, the production and use of renewable fuels 
have grown rapidly in recent years. Many studies have focused on the 
sources of alternative and renewable energy to face the challenge of 
conventional fuels running out. These studies include the energy from 
water, wind, the sun, geothermals, and biomass sources. Although these 
energy sources have been known about in the past, their use was limited 
owing to various difficulties. The renewable sources are more expensive 
to use than fossil fuels and they are often located in distant regions, so 
great effort is required to transport this energy to cities. Moreover, 
renewable energy fuels are not always available. Renewable fuels are 
considered as primary energy sources and they are transformed to a 
secondary energy source, such as electricity and cleaner fuel by energy 
conversion processes. Among the secondary energy sources is 
hydrogen, which has the highest specific energy content of all 
conventional fuels, that is, fossil fuels and nuclear power.
1.2 Hydrogen as future fuel
Hydrogen is considered an energy carrier, not a primary energy 
source. Despite that, it is the dream fuel of the future. The only material 
that can be produced from the burning of hydrogen in air is water, a 
renewable eco-friendly product. Therefore, no pollutants are released that 
might have a negative effect on global warming, the ozone layer, and 
climate change.
5
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Hydrogen is a promising option for replacing fossil fuels. Table 1.2 
displays the physical and chemical properties of hydrogen compared to 
those of some of the fossil fuels. The energy of each fuel can be 
represented by the value of heat produced from the complete combustion 
of that fuel.
Table 1.2: The energy content of different fuels[6].
Fuel Density
(g/i)
Lower heating 
value (MJ/Kg)
Carbon 
Percentage %
Crude Oil 845 42.8 85.0
Natural gas 0.654 50.1 75.0
Conventional Gasoline 737 43.7 85.5
Conventional diesel 856 41.8 87.0
Hydrogen 0.0818 121.0 0
Despite the abundance of a large amount of hydrogen in the 
universe, nearly all of it exists as a compound, rather than in its pure 
form. Thus, to use it as fuel, it has to be extracted from its compounds by 
several methods, as shown in the next section.
The economy of the world depends on what type of energy source 
is used, and eras are named according to those sources. Two hundred 
and fifty years ago, the invention of the steam engine gave the name to
6
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that era of modern technology. However, due to the extraction of fossil 
fuels and their use in all aspects of daily life, the world moved into the 
petroleum epoch. The considerable amount of research regarding the 
development of the production and application of hydrogen fuel has 
prepared the world to receive a new era, that is, the era of hydrogen.
The hydrogen economy, or the hydrogen market, is a term created by 
John Bockris during his talk in 1970 at General Motors (GM) Technical 
Center; it covers the generation of hydrogen from renewable and non­
renewable energy sources, the storage, the transportation and the 
application. There is controversy about the feasibility of a hydrogen 
economy. The proponents of this technology claim that the use of 
hydrogen fuel has many advantages in terms of economic and energetic 
considerations:
- It is an environmentally friendly fuel; water is the only by-product 
from the combustion of hydrogen and there are no greenhouse 
gases.
- Decentralization of energy generation: because of the inherent 
nature of some areas for fossil fuels, the economy of developed 
and developing countries depends on oil importation. Additionally, 
some of them have reached their oil peak. In contrast, the 
production of hydrogen will not be limited to those countries, as 
hydrogen can be produced anywhere as long as water and 
electricity are available.
7
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- Because of the abundance of hydrogen and because it can be 
produced from many cheap renewable energy sources, as 
mentioned previously, it will be considered the ‘forever fuel’.
On the other hand, a hydrogen economy faces several obstacles, 
which are still the subject of controversy among scientists:
- Currently, 48% of the global supply of hydrogen is produced from 
natural gas, 30% from oil, 18% from coal and only 4% from 
electricity171. Hydrogen production from fossil fuels creates C 0 2, 
that is, greenhouse gases. Furthermore, nitrogen oxides can be 
formed on account of hydrogen leakage. Consequently, 
developing technologies that can overcome C 02 emission and the 
use of fossil fuels is a major target.
- Currently, the cost of generating and transporting hydrogen is 
greater than the cost of extracting, processing and transporting 
gasoline.
- Storage is one of the most important aspects of a hydrogen 
economy. Hydrogen can be stored as a compressed gas, as a 
liquid or by dissolving hydrogen gas in a metal. In addition, it can 
be stored as a solid in different types of chemicals, such as carbon 
nanotubes, or amine borane complex. The difficulties of hydrogen 
storage methods are almost all concerned with the storage 
density, which in turn affects its transportation. "The physical limits 
for the storage density of compressed and liquid hydrogen have 
more or less been reached, while there is still potential in the 
development of solid materials for hydrogen storage, such as
8
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systems involving metal hydrides"181. So, the issues arising from 
the storage and transportation technologies of hydrogen can be 
overcome by continual research to make these technologies more 
convenient and economic.
1.3 Hydrogen production methods
To meet energy needs in the transport sector, where nearly all the 
H2 would be used, and to power homes, businesses, plants and other 
industrial fields, the development of the production and storage of 
hydrogen will be an urgent issue. Hydrogen is produced industrially as a 
gas or liquid. The extraction of hydrogen from its compounds is achieved 
by several methods, which still need to be developed and modified to 
discover the economical feasibility of the commercial production of 
hydrogen. Figure 1.2 shows that there is a quite steady increase in the 
amount of global hydrogen produced from different methods.
- -  SNR
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Figure 1.2: The annual global amount of hydrogen produced by different 
methods191.
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Today, over 90% of hydrogen is produced by steam reformation of 
natural gas. Due to the release of carbon dioxide from this process, the 
trend has been shifted to develop and create other methods, thus 
generating a clean fuel.
There are, however, several ways to produce hydrogen with 
renewable energy; most of them involve splitting water into its two 
components of hydrogen and oxygen, as water makes up 70% of the 
earth's surface. Some of these methods are described below, but not all 
the methods are appropriate for a hydrogen economy or are 
environmentally safe.
1.3.1 Steam reforming
Steam Methane Reforming (SMR) was developed in 1930 and 
became one of the most important processes for hydrogen production. 
The principle reaction of SMR is presented by the following equations1101:
CH4 + H2O C=C> 3H2 + CO AH = 206.2 KJ/mol 1-1
CO + H2O C=^> CO2 + H2 AH = -41.2 KJ/mol 1-2
CH4 + 2H2O 4H2 + C 02 AH = 165 KJ/mol 1-3
This process is reversible and endothermic, so it is carried out at 
700 -900 °C and 15 -  30 * 105 Pa with nickel supported on alumina as a
10
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catalyst. Despite the importance of this method, it faces some problems 
and limitations:
a) hydrogen production is limited to the equilibrium conversion of 
methane owing to the reversibility of the reaction1111,
b) it has CO2 production as a by-product, which affects climate change,
c) there is catalyst deactivation due to carbon formation; therefore, there 
is a limit to the lifetime of the catalyst, and finally,
d) this process relies on the use of a fossil fuel (methane).
1.3.2 Electrolysis
Another method to produce hydrogen is the splitting of water into 
H2 and O2 when an electric current is sent through the water. This 
process is called electrolysis; it consists of an oxidation process at the 
anode to produce oxygen, and a reduction process at the cathode to 
produce hydrogen, as observed in the following equations:
Cathode (Reduction): 2H20(I) + 2 e '--------► H2(g) + 20H'(aq) 1-4
Anode (Oxidation): 40H (aq) --------► 02(g) + 2H20(I) + 4e' 1-5
Overall: 2H20(I)  ► 2H2(g) + 0 2(g) 1-6
This process is slow if the above reaction occurs in pure water, so 
an electrolyte (such as potassium chloride) must be added.
11
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Hydrogen produced by electrolysis accounts for about 4% of 
production worldwide. Most of it is produced as a by-product of chlorine 
production. The efficiency of the electrolysis of water is about 50-80% to 
convert the electrical energy to hydrogen's chemical energy.
1.3.3 Thermochemical production
Splitting water into hydrogen and oxygen in this case can be 
achieved by using high temperature heat, though not electricity as in 
electrolysis, since thermal energy is cheaper than electrical energy. This 
method has great potential in the hydrogen economy. The heat source 
can be from concentrated solar energy that generates high temperatures 
reaching 2,000 °C. In addition, nuclear power supplies heat that reaches 
1,000 °C.
1.3.4 Reforming of biomass and waste
Hydrogen can be produced from biomass and wastes as new 
renewable energy sources. The gasification of biomass is efficient, 
environmentally friendly, and has operational advantages. This process is 
classified according to the type of gasifying agent: air, steam, steam- 
oxygen, air-steam, oxygen-enriched air, and so on [12, 13]. There have 
been extensive studies regarding hydrogen production from waste 
materials and wastewater from industrial processes. The problems arising 
from this method are the low hydrogen production rate and yield [14,151.
12
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1.3.5 Photolysis
Two decades ago, great interest was shown in the photochemical 
reduction of water to generate hydrogen. Photolysis of water, 
photodecomposition, involves splitting water into hydrogen and oxygen 
using the photons. In other words, it is the conversion of photon energy to 
chemical energy, which is stored as hydrogen fuel. This process is 
presented in equation 1-7:
H20  (I) + hv ---------- ► H2 (g) + V2O 2 (g) 1-7
This reaction occurs when the potential difference is equal to or 
greater than 1.23 eV, the electromotive force, which is also derived from 
the following equation 1-8[16]:
E = AG°(h2o) / 2Na 1-8
where the standard Gibbs free energy ( AG°) is 237.2 KJ/mol (2.46 eV) at 
25 °C and Avogadro's number (NA) is 6.022 x 1023.
The enthalpy change, AH, of this reaction is 2.96 eV. This value 
corresponds to the wavelength of light of A = 420 nm, which lies in the 
blue light region of the electromagnetic spectrum. The solar spectrum, 
figure1.3, consists of the regions from the near infrared to the near 
ultraviolet while water absorbs light at A < 200 nm, figure 1.4[17]. 
Therefore, the water will not split if it is exposed directly to sunlight In
13
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addition to that, according to the Bom-Haber cycle1181, breaking the H-OH 
bond requires a high amount of energy (494.8 kJ/mole) which is greater 
than the thermodynamic bond energy. So to form hydrogen and oxygen 
gases, the energy required to remove both hydrogen atoms must be 
found. This can be achieved by a mediator or chemical species to convert 
the solar energy to chemical energy. This point leads to the discussion in 
section 1.4 of what is known as photocatalysis.
1.5
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Figure 1.3: The solar emission spectrum.
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Figure 1.4: The absorption spectrum of water.
1.4 Photocatalysis
A catalyst increases the rate of chemical reactions by reducing of 
the activation energy; therefore, many people have been searching for a 
catalyst to increase the rate of water splitting.
"Photocatalysis is the acceleration of a photoreaction by the 
presence of a catalyst"[19]. Heterogeneous photocatalysis involves two 
kinds of photoreaction. On the one hand, if the catalyst interacts with a 
photoexcited adsorbed molecule, the process is called a catalysed 
photoreaction. On the other hand, if the adsorbate molecule interacts with 
the photoexcited catalyst, the process is referred to as a sensitized 
photoreaction. After the innovative work by Fujishima and Honda, which
15
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involved the photoelectrocatalytic water splitting on Ti02 electrodes1201, 
there have been a significant number of studies in the field of 
heterogeneous photocatalysis. Fujishima and Honda’s work is a 
simulation of what occurs in nature, since during the photosynthesis 
process that takes place in plants, CO2 and water, readily available 
materials, are converted to O2 and carbohydrates using solar energy. 
Therefore, photosynthesis has been taken as a model for artificial 
photosynthesis in the generation of hydrogen as a clean fuel from solar 
energy.
The significance of photocatalysis stems from the possibility that it 
can achieve an enormous number of reactions, which can play a 
significant role in economical and commercial development. Because of 
the promising features of the photocatalytic processes, they are applied in 
the following technologies as a replacement for traditional methods:
a) Synthesis of organic compounds
Some reactions, such as oxidation and oxidative cleavage, reduction, 
isomerization, substitution, and polymerization, can be accomplished 
using Ti02 in an oxidatively inert solvent121 •22].
b) Synthesis of inorganic compounds
Photocatalysis has attained significant importance in the synthesis of 
coordinatively unsaturated species, transition metal compounds with a 
changed oxidation state, free ligands and ligand redox products [23].
16
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c) Air purification
Air pollution is among the threats to humans and other living organisms, 
as it causes climate change, global warming, and ozone depletion. This 
problem has grown in recent years owing to the industrial revolution and 
the population explosion. Because of the limitations of the conventional 
methods used in air cleaning, photocatalytic detoxification technology is 
of great interest1241.
d) Water purification
The developed and developing countries in particular face a major 
environmental problem, that is, water pollution, even though it is 
considered a global issue. Photocatalytic degradation is an alternative 
method in the treatment of wastewater. This technology has proved its 
success and effectiveness for the removal of persistent organic and 
inorganic impurities125-281.
e) Solar energy conversion
Solar energy is versatile since it can be converted to electricity, heat and 
fuel. Hydrogen as fuel can be generated from sunlight and water, both 
are renewable sources. This method, which is known as solar water 
splitting, has gained great importance due to it providing clean, renewable 
fuel [29~321. in recent years, studies have focused on developing methods 
to obtain the maximum efficiency of solar conversion and quantum yield, 
and, therefore, to meet the energy requirements of large-scale 
manufacturing and practical uses. Several methods have been used to
17
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generate hydrogen fuel from solar water splitting; these have varying 
restrictions, such as direct or indirect photothermal, photosynthetic, 
photoelectrochemical limitations. Table 1.3 summarises the limitations 
and potential of these processes.
Table 1.3: Solar water splitting processes1331.
©
Process Limitations, potential
Photosynthetic, biological & 
photochemical
Demonstrated efficiencies very low, 
Generally < 1 % solar energy 
conversion
Photothermal, single step(direct)
Gas recombination limitations, high 
temperature material limitations, 
generally < 1 % solar energy 
conversion
Photothermal, multistep
Lower temp than single step, 
although stepwise reaction 
inefficiencies lead to losses, 
generally < 10% solar conversion
Photoelectrochemical 10-20% solar conversion
Photothermal, electrochemical potential for > 20% solar conversion, requires solar concentration
18
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The production of hydrogen by the photocatalytic water splitting 
method involving a semiconductor is a promising development in the field 
of the energy and the environment. Figure 1.5 presents a simple model 
for a solar hydrogen system.
h2
Photocatalyst
Figure 1.5: Production of solar hydrogen by photocatalytic water 
splitting.
Because water itself does not absorb radiation within the solar 
spectrum, many materials have been investigated that can harvest 
sunlight; these are known as photocatalysts. Such materials convert the 
photon energy to chemical or electrical energy by forming electron/hole 
pairs. When the photocatalyst is exposed to light, an electron absorbs the 
photon, becomes excited, and moves from a lower energy level to a 
higher one, forming a hole. The photoexcitation takes place when the 
energy of the photon is equal to, or greater than, the difference in the
19
Chapter one Introduction
energies of those levels, Eg, which will be described in more detail in 
section 1.5.1. The carrier charge species (electron/hole pairs) are 
employed for reductive and oxidative processes. Thus, photocatalysis 
involves two processes that occur simultaneously. The first is water being 
oxidized by photogenerated holes and the second is the reduction 
process by photoexcited electrons. If the reactant is pure water, both 
oxygen and hydrogen will be evolved.
Several factors affect the efficiency of the photocatalytic reaction, 
and subsequently, the economics application. Mainly, the threshold 
energy, Eg, of the photocatalyst plays a significant role in these reactions 
and in particular, the production of solar hydrogen through water splitting. 
Another factor that plays a major role in the activity of photocatalysis is 
the rate of recombination of photogenerated carriers. Many successful 
attempts have been made to separate the photoexcited electron-hole and 
thus reduce the recombination rate. The conversion of light energy is still 
low, as is the quantum yield of the photoreactions. This is the most 
important factor that restricts the practical use of photocatalytic 
reactions1341.
1.5 Photocatalyst
Enormous numbers of photochemical, chemical and 
electrochemical processes occur on the surface of photocatalysts. The
20
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efficiency and rates of these reactions depend on several factors, some 
of which are related to the type of photocatalyst.
Semiconductors have been studied intensively and used widely in 
all the applications of photocatalysis. This will be discussed in detail in the 
next section, since this project uses mainly semiconductors as 
photocatalysts.
1.5.1 Semiconductors
The electronic and physico-chemical properties of semiconductors 
play an essential role in the photocatalytic mechanism. According to band 
theory, the valence electrons occupy a number of levels, which are 
grouped together as bands. The highest occupied band called the 
valence band (VB) is fully occupied in a semiconductor. The next band 
called the conduction band (CB) is empty and exists only if some 
electrons are excited to this band, whereby its energy level becomes 
higher than that of the VB. These bands are separated by a forbidden 
region, which can contain no electron states; it extends from the top of 
the VB to the bottom of CB, and is known as the band gap. The size of 
this region affects the properties of semiconductors. This kind of 
photocatalyst is strongly affected by temperature, as is its conductivity. 
Increasing the temperature leads to increase the energy of the electrons. 
The conductivity depends on the number of electrons that have been 
promoted across the band gap. Thus, the conductivity increases in 
proportion to the increase in the temperature.
21
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Illuminating of the semiconductor catalyses many interesting 
reactions, including uphill chemical reactions, like hydrogen production 
from water. When the energy of a photon is equal to or greater than the 
band gap, the semiconductor absorbs it and an electron in the VB is 
excited to the CB leaving a positive hole (h+) in the VB. Figure 1.6 
represents this process. In the case of applying an electric field, the 
electrons in the VB will occupy the generated holes, hence, current flows. 
Therefore, the direction of electrons in the CB is contrary to that of the 
holes. The band gap of semiconductors is in the range of 0.3-3.5 eV; in 
some definitions, the upper limit is at 4 eV. Materials with band gaps 
larger than this are closed as insulators.
Energy
CB
hv
VB
e- e- e- e_ CB
VB
Figure 1.6: Photoexcitation of semiconductor.
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Photogenerated charge carriers (e‘ in CB and h+ in VB) undergo 
different competitive pathways, as shown in Figure 1.7, which can be 
summarised as follows:
a) Transferring the free electron to the surface and reducing the 
adsorbed acceptor (reduction).
b) Transferring the positive hole to the surface and oxidising the 
adsorbed donor (oxidation).
c) Recombining the trapped electron and hole either at the bulk of 
the semiconductor or at or near the surface, thus producing light 
emission.
Anion vacancies can act as electron 'traps'. For the holes, oxygen 
vacancies or other defect sites may be suitable traps to separate the 
photogenerated charge carriers. Such trapped electrons and holes are 
employed in chemical reactions or photocorrosion. The latter is 
undesirable since it is an irreversible separation and leads to loss of the 
photocatalyst. The recombination of electron and hole reduces the 
efficiency of the photochemical reaction. Given the difficulty of measuring 
the actual amount of absorbed light in heterogeneous system as the light 
is scattered by semiconductor, the efficiency is estimated as a quantum 
yield, which is defined as the number of events occurring per photon 
absorbed.
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B+
Figure 1.7: Schematic photoexcitation and deexcitation in
semiconductors, a) recombination at the surface, b) recombination in the 
bulk, c) oxidation and d) reduction.)
Besides the need for the separation of charge carriers, there is 
another constraint that limits the use of most semiconductors as 
photocatalysts. The transfer of photogenerated electrons and holes to the 
adsorbed molecules on the surface is ruled by the band edge positions of 
the semiconductor and the redox potentials of the adsorbates. Table 1.4 
represents the band edge positions, the energy of the band gap and the 
equivalent wavelength of some semiconductors.
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Table 1.4: Energies of the conduction band, the valence band, the band 
gap and the wavelengths of some common semiconductors in water at 
pH = 1I35J.
Semiconductors Evb (V vs. SCE) (V vs.°SCE)
o
r
LU 
> A(Eg)
(nm)
GaAs 0.8 -0 .6 1.4 890
InP 1.2 -1 .0 1.3 950
GaP 1.4 -0 .9 2.3 540
CdSe 1.4 -0 .3 1.7 730
CdTe 1.4 0.0 1.4 890
CdS 2.2 -0 .2 2.4 520
ZnO 2.9 -0.1 3.0 390
SrTi02 3.0 -0 .2 3.2 390
Sn02 3.8 -0 .3 3.5 350
T i02 3.0 0.0 3.0 410
There is a high tendency for the photogenerated electron-hole pair 
to recombine and increase the energy of the band gap of semiconductors 
so they are able to absorb visible light, which is discussed in Chapter 4; 
this is overcome by modifying their surface. Improving the photocatalytic 
activity by modification has become a rule of great importance in the 
scientific community in recent years.
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Doping metal on oxide semiconductors is one of the successful 
solutions to suppress charge recombination and enhance the 
photocatalytic reaction. Metal plays an apparent role in changing the 
electronic properties of semiconductors, as the Schottky barrier produced 
at the interface of metal-semiconductors can trap the photogenerated 
electrons efficiently and, therefore, inhibit recombination. The effect on 
the efficiency of photocatalytic processes of adding metal to 
semiconductor depends on the preparation method and the formed 
physicochemical properties of the metal doped semiconductor. Thermal 
impregnation and photodeposition are good examples for preparing such 
photocatalysts. The latter is more effective than others. Numerous studies 
have been conducted to demonstrate the value of this kind of 
modification136-381.
The presence of dissolved metal ions with semiconductors in 
photocatalytic systems also has a beneficial effect on the oxidation of 
many organic compounds, such as phenol139, 40], and aliphatic 
hydrocarbons141,421. If the standard reduction potential of a metallic couple 
is more positive than the CB of a semiconductor, the metal ion will be 
photoreduced (Figure 1.8). That means that the photoinduced electrons 
are trapped and, hence, the undesired recombination is inhibited during 
the illumination.
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Figure 1.8: The standard redox potentials of various metallic couples 
against the band edge positions of Ti02(P25) at pH = 0[43].
Coupling two kinds of semiconductors that have different energy 
band gaps is an alternative and promising approach in the development 
of efficient photocatalysts for water splitting. Compositing two different 
semiconductors can separate the photogenerated electrons and holes on 
different semiconductor surfaces. Thus, the reduction and oxidation can
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occur with great efficiency. When CdS (Eg = 2.42 eV) is coupled with 
Ti02 (Eg = 3.2 eV), the electron is excited from the VB of Cd, leaving 
behind a hole, and the electron migrates to the CB of Ti02. This 
behaviour takes place according to the geometric interaction of multiple 
particles of CdS with the Ti02 particle surface. Thus, the suppression of 
recombination and the high efficiency of the photocatalytic process are 
achieved. Furthermore, the limitation of the use of Ti02 under only the 
ultraviolet region, due to its wide band gap, can be overcome by using 
CdS with a band gap in the visible range144"471.
Semiconductors have a large potential in photocatalytic systems, 
as they are considered one of the best materials for their properties either 
in their natural or amended states. Moreover, due to the simplicity of their 
processing technologies, these photocatalysts have a bright future 
regarding the economical aspect, in particular. In the early research for 
such materials, much attention was focused on water purification and 
then extended to air purification and other technologies, such as solar 
hydrogen. In the development of semiconductors for photocatalytic water 
splitting, there are some requirements regarding these materials; in order 
for them to be effective [19,4Sl, they must be
1- Photocatalytic active
2- Biologically and chemically stable
3- Resistant to photo-corrosion
4- Inexpensive
5- Activated by sunlight
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6- For water photolysis specifically, the energy of the conduction band 
(Ecb) must be higher or more negative than the hydrogen evolution 
potential on the electrochemical scale and the energy of valence 
band (Evb) must be lower (more positive) than the oxygen evolution 
potential.
Taking into account all these requirements, the developed 
semiconductor aims to achieve the maximum efficiency of sunlight 
absorption, a maximum rate of charge separation and an optimum 
quantum yield. The semiconductor that best meets most of these 
requirements is titanium dioxide (Ti02). This photocatalyst is the main one 
used in this project.
1.5.2 Titanium dioxide (Ti02>
The first application of titania (Ti02) was reported in the solar 
energy conversion field[49] and then it was found to be a fascinating 
material in photocatalysis to solve environmental issues. Due to its 
whiteness, high stability, opacity, nontoxicity, and availability Ti02 , is used 
mainly as a pigment. Nowadays, it has many other valuable applications, 
which are economically and industrially promising, such as self-cleaning, 
anti fogging, and anticorrosion surfaces.
Ti02 is considered the best candidate in solar hydrogen research 
because it has unique features that fit with all the requirements
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mentioned above except that it absorbs only ultra violet radiation owing to 
its wide band gap.
Titanium dioxide does not exist as a pure material in nature, but 
can be extracted from a variety of ores located throughout the world, such 
as ilmenite, which may contain 40-70% Ti02. Two processes produce 
Ti02 products: the first is the chloride process, as the titanium ore reacts 
with chlorine gas, while in the second, sulphuric acid is introduced to 
these ores. The European market produces 70% of T i02 by the sulphuric 
process.
Anatase, rutile, and brookite are the three main types of Ti02. 
Rutile is the most stable (the particles size are above 35 nm), while 
anatase (below 11 nm) and brookite (11 - 35 nm) are stable for fine 
grained natural and synthetic samples [50J. At high temperatures, anatase 
and brookite are transformed into rutile, the stable phase. Most studies 
have focused on anatase and rutile, as brookite is rarely available. There 
are some differences between anatase and rutile phases in terms of 
specific gravity, hardness and refractive index, and other physical and 
chemical behaviours151 ].
These two polymorphic phases crystallize in a tetragonal lattice. 
Their structure is a chain of Ti06 octahedrals, which are more distorted in 
anatase than in rutile. However, anatase is a less closely packed 
structure than is rutile. Figures 1.9 and 1.10 represent the crystal 
structure of anatase and rutile, respectively.
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Figure 1.9: Crystal structure of anatase.
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Figure 1.10: Crystal structure of rutile.
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The electronic structure of semiconductors plays a significant role 
in their activities in photocatalytic reactions. UV-visible spectroscopic 
studies have revealed that the band gaps of anatase and rutile are 3.23 
eV (384 nm) and 3.02(411 nm) eV, respectively [43, 491. Figure 1.11 
illustrates the positions of the VB and the CB of anatase and rutile. 
According to the density of states, their VB width is similar but different for 
the CB, the CB of anatase is narrower and its energy is larger than the 
CB of rutile1521. Moreover, it is expected that it is difficult to reduce anatase 
because the CB is more negative than the H+/H2 potential. Therefore, 
hydrogen can be produced on anatase more easily than on rutile but less 
efficiently owing to the wider band gap.
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Figure 1.11: Energies for anatase and rutile T i02 in water PH = 1
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To increase the rate of electron-hole separation and, hence, the 
efficiency of photoreaction, a new photocatalyst was prepared, 
comprising 70% of anatase and 30% of rutile (or 80% anatase, 20% 
rutile). It is called Degussa P25 Ti02 in which anatase reacts positively 
with rutile [53,541. TEM showed that T i02 P25 is formed from anatase and 
rutile separately1551. It was found that the photocatalytic activity of T i02 
P25 is more than that of anatase or rutile alone1561. Titanium dioxide is 
among semiconductors, which has received considerable attention from 
researchers in the field of hydrogen production from photocatalytic water 
splitting [57*59]. The photocatalytic activity of T i02 depends on many 
factors, such as the anatase/rutile ratio, preparation method, particle size, 
specific surface area and so on. For example, on the one hand, 
decreasing the particle size of T i02 increases the surface area; in turn, 
this increases the number of active sites that can absorb the desired 
species. On the other hand, the small particles increase the rate of 
migration of photogenerated charge carriers from the bulk to the surface 
and, therefore, the photocatalytic reaction increases.
Most research deals with the photodegradation of organic 
compounds as one of the applications of T i02. T i02, as a photocatalyst, 
plays an important role in the decontamination of water and air. This is 
attributed to the high oxidation power of photoinduced holes. 
Photogenerated hole is as OH' or OH' chemisorbed radicals which was 
proved by ESR measurements1601.
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The first use of T1O2 in photocatalytic water splitting was in 
Fujishima and Honda's work. Because it is difficult to find a photocatalyst 
that absorbs light under the visible region and at the same time is 
photostable, the efficiency of solar hydrogen conversion is low. This 
problem has meant researchers have viewed the development of titania 
in different ways.
1.6 The objectives
Study of the reforming of methanol on Pd and Au loaded on Ti02 
(P25) is the first objective of this project in Chapter Three. The factors 
that affect the activities of these photocatalysts are investigated, such as 
metal loading, methanol concentration, and wavelength. Additionally, the 
results obtained from the liquid phase are compared with those of the gas 
phase. In this chapter, the reforming of higher alcohols, and glycerol in 
particular, which is one of the solutions for converting huge amounts of 
glycerol from the manufacture of biodesiel have been studied.
Doping titania with a non metallic atom, such as nitrogen, is tested 
in photocatalytic hydrogen production. Such a photocatalyst, which 
absorbs visible radiation, is characterised. These results are discussed in 
Chapter Four.
Chapter Five deals with the splitting of pure water over titania and 
palladium and gold-loaded titania to understand the mechanism more
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clearly. Moreover, the concept of a back reaction between hydrogen and 
oxygen over these photocatalysts is studied.
Finally, the concluding chapter summarizes the results obtained 
from all the experiments, which gives the optimum rate of hydrogen 
production.
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Experimental
Chapter 2 Experimental
2.1 Introduction
The photocatalytic reactions in this project have been carried out in 
Pyrex vessels whether in liquid and gas phase and in an inert atmosphere. In 
all the experiments, the catalysts were irradiated by a xenon arc lamp. The 
hydrogen was detected by gas chromatography (GC).
In this chapter, the experimental set-up, the preparation and 
characterization of the catalysts are discussed.
2.2 The experimental set-up
The experimental arrangement used in this project was devised by 
Dickinson111 which was similar to Domen’s apparatus121 with some 
modifications. Bowker’s group used Dickinson’s device for photocatalytic 
hydrogen production in the liquid and gas phase13-51 as shown in figure 2.1. 
Some parts of the reactor were modified in this work as discussed in the 
following sections.
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Figure 2.1: Reactor layout and photograph of reactor.
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2.2.1 The photoreactor
The photoreactor is a three-armed, round bottomed, Pyrex flask. One 
arm is for purging the catalyst suspension with argon, and this is connected to 
an argon cylinder via a rubber line. This purge is used to remove any 
dissolved gases in the mixture, which may affect the rate of hydrogen 
production. Another arm can be used for different tasks, e.g. for measuring 
the temperature during the reaction by fitting a thermometer or thermocouple 
or for measuring the pH by introducing a pH electrode, but is otherwise sealed 
by a rubber septum. The third arm is for gas sampling. This arm was sealed 
with a septum throughout the reaction. The flask was placed on a magnetic 
stirrer for liquid phase reactions to ensure that all the particles of the catalyst 
are suspended in the solution and to give them uniform illumination by the 
photons from the Xe lamp. For gas phase reactions, the catalyst was mounted 
on a glass slide which was etched by an electrical rotary tool to roughen the 
surface to enable better catalyst adhesion onto slide.
2.2.2 Xenon Arc Lamp
The illumination of the catalyst was performed using a xenon arc lamp. 
This kind of light source was used because the bright white light produced 
mimics natural daylight as it has output including ultra violet (UV), visible and 
near infra red (NIR), as shown in figure 2.2. Heating of system is caused by 
the NIR and can be removed by the inclusion of a water filter (Oriel 
corporation model 61945) or using a dichroic mirror as in 3.2.6, which is 
designed to transmit visible wavelengths while reflecting NIR heat. However, 
all the experiments in this project were carried out without using any filter.
43
Chapter 2 Experimental
100
%
0
900*00 600
Figure 2.2: Xe arc lamp irradiance spectrum and transmission of light through 
Pyrex flask.
The transmitted wavelength range of light can be controlled by placing 
a filter between the Xe arc lamp and the flask. The filters cut out certain 
wavelengths (e.g. A > 258, 380 or 400 nm). In this project, two kinds of Xe arc 
lamps were used (400 W). A 400 W Xe arc lamp, Oriel corporation model 
66084 was used in some experiments mentioned in chapter three. This kind of 
lamp produces ultraviolet radiation at wavelengths of A < 300 nm. The 
shortwave ultraviolet radiation photolyses oxygen to produce ozone, O3. 
Ozone is a health hazard and can cause nasal dryness, nausea and irritation 
of the mucous membrane. Additionally, it can damage non-stainless metals 
due to its corrosive nature. According to OSHA, the maximum concentration 
allowed for workers 0.1 ppm for eight hours. To eliminate this risk, an ozone 
eater was used when this kind of lamp was used. This part of the reactor is a
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housing containing a fan and catalytic filter elements such as manganese 
dioxide, since this material is not consumed in the transformation of ozone to 
oxygen; the life of this catalyst is indefinite. The fan collects air through a 
flanged-end hose and forces it through the filter elements where any ozone 
present is converted back into oxygen.
To simplify the design of the lamp source, a Xe ozone-free arc lamp 
(model 6271) was used in the rest of all the experiments in this project. Such 
kind does not emit wavelengths below 260 nm due to lamp’s envelope 
consisting of doped quartz.
2.2.3 Gas chromatography
Hydrogen produced from the photocatalytic reaction was analysed and 
identified using gas chromatography with a Varian GC 3900. A small amount 
of sample (0.2 ml) was extracted from the reactor and injected into GC by a 
gas syringe through the hot injector port to make sure that all components of 
the sample (such as water vapour) are in gaseous phase and then pushed 
into the column by the carrier gas, (argon). The components of the sample are 
separated within the column due to the differences in their abilities to partition 
between the mobile and stationary phases in the column. After the separation 
process, the individual analytes are transferred to the thermal conductivity 
detector (TCD) by the carrier gas at different times. The electrical signals 
generated from each analyte in the detector are recorded using Varian’s 
Galaxy program. Figure 2.3 shows the components of gas chromatograph.
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DetectorInjector Port
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Column Computer 
(Galaxy program)
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Figure 2.3: The diagram of the components of gas chromatography.
The components of gas chromatograph are discussed briefly as follows: 
Carrier gas
. Moving the analytes from the injector to the column and then the 
detector is performed by a mobile phase which does not interact with the 
components of the samples. The carrier gases usually used in GC are 
nitrogen, helium, hydrogen and argon. In our case, the carrier gas used was 
argon due to the great difference in the thermal conductivity from that of 
hydrogen which is the main target of the analysis in the gases produced. 
Table 2.1 shows a comparison between thermal conductivities for various 
gases[6].
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Table 2.1: Thermal conductivities for various gases at 26.7 °C.
Gas Thermal Conductivity Cal/sec.cm.°C x 10
Argon 42.57
Helium 360.4
Hydrogen 446.3
Nitrogen 62.40
Oxygen 63.64
The flow rate of the carrier gas has a significant role in determining the 
retention times of the different gases and hence affects the resolution via the 
separation time between the peaks of the elutes. The flow rate of argon used 
here was 30 ml/min in the case of GC (Varian 3900). If the flow rate is faster 
than that, the retention time decreases and the integrated peaks can interfere 
with one another. While at slower rate, the peak areas are larger and the 
analysis of the sample takes more time due to the slower retention times.
At a flow rate 30 ml/min, it was found the peak of hydrogen was the first 
as appears at approximately 1.5 minutes in the chromatogram, then oxygen at
2.2 minutes and nitrogen was eluted at 3 minutes. Although oxygen and 
nitrogen do not come from the photoreaction, their peaks were seen in every 
analyzed sample. This happens as a result of the presence of some air in the 
needle of the syringe. With flushing of the syringe before sampling, that peaks 
diminished clearly.
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Injector
The sample is injected through a septum into the injection port by a 
Aldrich gas-tight syringe. In general, the temperature of the injector, which is 
hollow-heated cylinder, is controlled to ensure the sample remains in the gas 
phase. If the temperature is low, broad peaks and poor separation occurs. In 
contrast, at higher temperature, the sample may decompose or its structure 
may change. The end of the injector is connected with the column as the 
volatilized sample is swept to the column directly by the carrier gas which is 
continually flowing from the gas cylinder regulator through the injector into the 
column. The kind of the injector used was splitless and the entire sample 
injected was analysed.
Column
The column is considered the heart of the GC system as the separation 
of the components of the sample is performed inside this part of the GC. 
There are two types of gas chromatography columns: capillary and packed. 
Both types are coated with a stationary phase which seperates the 
compounds and the structure of stationary phase affects the retention time. 
Capillary columns are thin fused-silica in which the stationary phase is coated 
on the inner surface of column. Packed columns are typically glass or 
stainless steel coils which are filled by the stationary phase. Although the 
capillary column (typically 10 - 100 m in length) has higher separation 
efficiency than packed column (typically 1 - 5 m in length), they are more 
easily overloaded by sample.
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The kind of column used in this work was a MS13X molecular sieve 
packed column (pore size of 10 A in diameter, 2 m in length). This type 
detects hydrogen, oxygen and nitrogen. The column was usually placed inside 
ovens to control the temperature constantly and hence the retention times.
When the sample is brought to the column by the mobile phase, the 
components of the sample take different amounts of time (the retention time) 
to pass through the column depending on the extent of the interaction 
between these components and the stationary phase. The components that 
do not adsorb well on the packing will elute from the column more rapidly. On 
the other hand, the components that adsorb more strongly will take more time 
to elute. Hence the components of the sample are separated before eluting 
from the end of the column. Figure 2.3 shows an example chromatogram in 
which hydrogen was eluted first, then oxygen and finally nitrogen.
50,000-r
45,a f t
40,a f t
5,a f t
Time min
Figure 2.3: An example of chromatogram.
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Detector
There are many kinds of detector and they are chosen according to the 
compounds to be detected and the sensitivity required. Among these is the 
thermal conductivity detector (TCD) which was used in this research.
TCD compares the thermal conductivities between the carrier gas flow 
and the carrier gas plus the column effluents since it contains four filaments 
made from tungsten-rhenium arranged in a bridge circuit known as a 
“Wheatstone bridge” as shown in figure 2.4. The temperature of these 
filaments should be constant. When the mixture of the sample with the 
reference gas pass one the pair of filaments and at the same time, the pure 
reference gas flows over the second pair, there is a difference in the cooling 
abilities of the two gas mixtures. As a result the power changes to keep the 
temperature of the four filaments constant. The power difference is measured 
and recorded as a peak by the Galaxy program.
Power
Supply
Reference Sample
Output
ReferenceSample
Amplifier
Figure 2.4: Schematic of a bridge circuit of TCD.
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After the brief description of the components of gas chromatograph, the 
conditions of the GC set in our work were as follows:
Flow rate of the carrier gas (Argon) 30 ml/min
Injector temperature 50 °C
Column temperature 50 °C
TCD temperature 120 °C
Filament temperature 170 °C
2.2.4 Calibration
The GC was calibrated by injecting exact volumes of pure hydrogen 
gas into the packed column. The peak areas at different volumes were plotted 
against that of the known volumes (figure 2.5).
300000
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R2= 0.9983
200000
CD
<1)
k_
<  150000
XL
CD« 100000
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-0.05 0.05 0.15 0.25 0.35
The volume of hydrogen ml 
Figure 2.5: Calibration Plot for hydrogen.
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From figure 2.5, the slope of this relationship was calculated which was 
used in determining the volume of hydrogen produced from the photocatalysis 
reaction in the flask. Before these calculations were done, the total volume of 
gas in the reactor should be known. For the liquid phase reactions, the volume 
of the reaction mixture was 100 ml and the capacity of the vessel was 165 ml, 
so the gas phase of the Pyrex flask was 65 ml.
From the calibration curve and the volume of the gas phase in the 
reactor as well as the volume of sample injected into the GC (0.2 ml), the 
volume of hydrogen produced from the reaction can be calculated from the 
following relations:
Volume of H2 in the syringe = Peak area integral / slope of calibration 
Total H2 volume in the flask = (volume of H2 in the syringe/syringe volume) *  
gas volume in the flask
These calculations were used for the gas phase reactions as well as 
the liquid. The only difference between this phase and of that in the liquid 
phase was the gaseous flask volume. The volume of the solution was 15 ml in 
this case, much less than of that of the liquid phase in order to avoid contact 
with the catalyst mounted on the glass slide as shown in figure 2.6. Thus, the 
gas phase volume over the solution in this case was 150 ml.
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Figure 2.6: The catalyst mounted on the glass in the reactor of gas phase 
reaction.
2.3 Methodology
The reaction mixture in the liquid phase typically contains 0.2 g of the 
catalyst, 100 ml deionised water and 100 pi of anhydrous methanol. This 
mixture was purged with argon for 30 minutes to remove any dissolved gases. 
Then the lamp source was switched on and the reaction mixture was 
continually stirred.
For gas phase reactions, 50 mg of the catalyst was mounted on a part 
of glass slide, its size was 28 * 25 mm. This area of the slide was etched to 
ensure that the catalyst adheres quite strongly to it.
The hydrogen produced from this reaction was detected by withdrawing 
0.2 ml from the gas phase over the solution using a tight gas syringe every 30
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minutes this then inserted in the septum of the injector of the GC to get the 
peak of hydrogen.
2.4 Catalyst preparation
There were several types of catalysts used in this project and they 
were prepared by different methods, as described below.
2.4.1 Pd/Ti02
The normal catalyst used was Pd loaded onto titanium dioxide, (Ti02, 
P25 Degussa), and it was prepared by incipient wetness impregnation. To 
prepare this catalyst, the amount of liquid, which fills all the pores of the 
support, was determined and it was found that 1.5 ml of water was sufficient 
to fill the pores. The preparation of 2 g of 0.5% w Pd/Ti02 is as follows:
The mass of Pd required = (0.5 * 2)/100
= 0.01 g
The assay for the PdCfe (the metal salt used) was 59.82 %
The actual mass of PdCh required = (0.01 * 100)/59.82
= 0.0166 g
0.0166 g of PdCb was dissolved in 1.5 ml of deionised water to get the 
required percentage weight of metal salt solution. A few drops of concentrated 
hydrochloric acid were added with slight heating (~ 35 °C) to obtain a clear 
solution since PdCfe is slightly soluble.
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This volume of metal salt solution was added gradually to the dry Ti02 
with stirring by glass rod to impregnate 2 g of titania and to ensure all the 
pores of the support were filled. The paste formed was dried at 120 °C in an 
oven for 2 hours to remove all the water, and then calcined at 500 °C for 2 
hours. XPS studies revealed that the oxidation state of Pd deposited on the 
surface of the Ti02 after calcination was zero. After calcination, the catalyst 
was ground in a pestle and mortar and sieved through a stainless steel mesh 
as 53 pm typically.
2.4.2 Au/Ti02
The preparation of this catalyst is similar to that mentioned in the case 
of Pd/Ti02 (the incipient wetness method) but the precursor used in the 
preparation of gold salt solution was chloroauric acid, HAuCI4.3H20. Due to its 
hygroscopic nature, the stock solution was prepared by dissolving 1 g of this 
salt with 10 ml of deionised water was which used in the preparation of the 
desired catalyst.
The change of the colour of Au/Ti02 during the calcination process is 
ascribed to the conversion of the gold from Au+3 to the reduced state of Au°. 
The colour change was from yellow (gold salt) to a blue-grey colour.
Although the activity of Au/Ti02 calcined at 300 °C was twice that after 
calcination at 500 °C, the catalyst ( used in section 3.2.9 ) was calcined at 500 
°C. This was done in order to be able to compare easily the activities of 
Pd/Ti02 and Au/Ti02 for the reforming of glycerol under the same conditions, 
and prepared by the same methods.
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2.4.3. Pd I mesoporous titania
Mesoporous titanium dioxide was used as a support rather than titania 
(P25) as it has a high surface area and thus affect the efficiency of 
photocatalytic hydrogen production. This prepared material was received from 
National Chemical laboratory, India, and tested in our reactor. The sol-gel 
method was adopted to prepare the template free meso-Ti02 due to the ease 
to control its texture, chemical and morphological properties. Figure 2.7 
displays the steps of preparation of mesoporous T i02 through template free 
sol-gel method[7].
B u O ^  OBu
Ti
/B u0  OBu
HNO,
H20, EtOH
Titanium tetra butoxide
d100= 15.2 nm
n-butanol
Titanium oxo nanocluster
Vacuum dried at 
100°C
Calcined
at 350°C
Model of Mesoporous TiO: Ti02 with small mesopores
Figure 2.7: Schematic model of preparation of template free mesoporous
T i02.
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Titanium tetra-butoxide Ti(OBu)4 was the precursor of the titania. The 
desired amount of Ti(OBu)4 was stirred in absolute ethanol to make a solution 
(0.33 M) for 3 hours. During the vigorous stirring, 0.6 ml of 0.14 M HNO3 was 
added step-by-step and then left for further 2 hours with stirring. The gel 
formed was dried at room temperature, ground to a fine powder and vacuum 
dried around 100 °C for overnight. Finally, the material was calcined at 350 °C 
for 4 hours.
This support was tested with and without loading of palladium. Loading 
method of Pd on mesoporous TiC>2 was similar to that on titania P25 
mentioned in section 2.4.1 and at the same percentage (0.5 % w Pd).
2.4.4 Nitrogen doped P25-Ti02
The doping of titania is considered one solution for extending the 
photoactivity of titania-based systems into the visible light region[8,9]( seen 
chapter 4). Nitrogen doped TiC>2 (P25) was prepared in Glasgow University’s 
laboratory by calcination of P25 at different temperature 450, 550, 650 °C 
under an NH3 flow for 5 hours. This catalyst was characterised by XRD and 
SEM. The specific surface area of these catalysts was identified.
2.5 Catalyst characterisation
Numerous techniques have been used to characterise the catalysts 
including: Brunauer, Emmett and Teller surface area (BET), X-ray Diffraction 
(XRD) and Scanning Electron Microscopy (SEM). These techniques enable us
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to understand more about the mechanism of photoreactions and their 
potential applications and how the efficiency of these catalysts can be 
developed. In the following sections, each technique is briefly discussed 
individually.
2.5.1 BET Surface Area
The surface area of a catalyst is an important attribute which dictates 
the activity and sometimes stability of the materials. There are different 
methods to achieve this measurement which can be single or multipoint 
methods. The standard method is the multipoint BET method. BET stands for 
Brunauer, Emmett and Teller and their paper regarding the determination of 
surface area was published in 1938 [11]. The technique depends on the gas 
sorption (adsorption and desorption) by clean powder materials.
Adsorption is a consequence of the additional energy of the atoms on 
the surface of materials, which are not surrounded by others in all directions 
compared with those in the bulk. However, these atoms can attract other 
atoms or molecules (adsorbates). Two types of adsorption are recognised 
according to the nature of the interaction between the surface molecules and 
the gas molecules; physical and chemical adsorption. In chemical adsorption 
(chemisorption), the gas molecules are bonded to the surface of the 
adsorbent by chemical bonds which means there is a sharing or exchanging 
of electrons between the gas molecules and the solid surface. As a result, a 
monolayer of gas molecules will be formed on the surface. This kind of 
adsorption is not easily reversible and needs significant energy input to
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release the gas molecules adsorbed from the surface. In contrast, for physical 
adsorption (physisorption), the bonding attraction between the adsorbate and 
the adsorbent is weak and of the van der Waals type.
The determination of BET surface area of all kinds of catalysts is based 
on the Langmuir physical adsorption isotherm theory. To apply this theory on 
the multilayer adsorption in BET surface area measurements, some 
assumptions should be considered such as:
- The physisorption of gas molecules on the surface is as infinite layers.
- There is no interaction between the adsorbed layers.
- Langmuir theory can be applied to each layer.
For BET measurements, the weighed catalyst is heated and degassed 
to form a clean surface, then cooled and re-weighed. After that, the sample is 
exposed to nitrogen gas (an inert gas available in high purity) in controlled 
amounts and over a wide range of pressures. The amount of adsorbed or 
desorbed gas molecules is determined by the pressure variations. Knowing 
the area of adsorbed gas molecule, the surface area of the material can be 
calculated via the following equation:
u = the total volume of molecules added
om = the volume of gas molecules corresponding to the monolayer.
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P = the pressure
P0 = the saturation vapour pressure 
C = the constant related to the adsorption heating.
Equation 1 is an adsorption isotherm and can be plotted as a straight line with 
1/ (o(Po/P)-1) on the y-axis and P/Po on the x-axis, as shown in figure 2.8. 
Knowing the slope and intercept, the surface area can be calculated from 
equation 2, as follows: 
um= 1/(S+I)
C = 1 + (S/I)
So, A bet (surface area)= (um. N)/V (2)
Where N= Avogadro’s number 
V = molar volume of adsorbent gas
a
CL
O
CL
"5
P/Po
Figure 2.8: Adsorption isotherm for BET surface area measurements.
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2.5.2. Scanning Electron Microscope (SEM)
Light microscopes have a limitation whether in their resolution of 
objects (> 0.2 pm). This led to the development of scanning of the surface of 
fine materials (down to 50 nm in size) by a beam of high energy electrons 
rather than the light. The interaction between the beam and sample produces 
images which provide some great information of the surface sample in terms 
of topography (its features), composition (which elements and compounds are 
present), morphology (the shape and size of the particles) and 
crystallographic information (the arrangement of atoms in the sample).
Max Knoll obtained the first SEM image for silicon steel in 1935 and 
many workers have developed and improved the performance of this 
technique for many last years.
The diagram in figure 2.9 shows the general structure of the SEM 
instrument and helps to explain how it works. The electron beam is produced 
from a tungsten filament cathode heated by applying a voltage. The anode 
attracts these electrons and they are focussed into a beam by a condenser 
lens. The scanning coils create a magnetic field that deflects the beam passed 
through it back and forth and then the objective lens focusses the scanned 
beam on the sample as a very fine point (not in the diagram). When the 
electrons hit the sample, electrons from the sample are ejected. The 
secondary electrons and backscattered electrons, (elastically scattered 
electrons), are collected by a detector which convert them into signals and 
then images.
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Due the vacuum conditions used in this technique, the sample should 
be dried to remove any water before introducing the sample to the beam of 
electrons in SEM instruments. In the past non conducting samples were 
coated with a thin layer of conducting material but in modern instruments this 
is usually no longer necessary.
Electron
te a m
Electron Gun
Scanning
Coils
Back scattered 
Electron 
Detector
Stage
To TV 
Scanner
A n o de
Magnetic  
Lens
Secondary 
Electron 
^Detector
Specimen
Figure 2.9: diagram of SEM instrument.
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2.5.3 X-Ray diffraction (XRD)
A useful non-destructive analytical techniques is X-ray diffraction which 
is abbreviated as XRD. In 1912, it was discovered that crystalline substances 
act as three-dimensional diffraction gratings for X-ray.
In general, this technique is based on the relationship between the 
intensity of scattered x-ray beam hitting the sample and the incident and 
scattered angle, polarization and wavelength or energy. The data obtained 
from XRD analysis enables us to identify the crystallographic structure, the 
composition and the physical properties of materials which are powders or 
films.
According to the type of materials and the desired information, there 
are several techniques of XRD analysis, such as single crystal XRD, high- 
resolution XRD, X-ray rocking curve analysis and powder XRD. The latter was 
used to characterise our powdered samples.
The phenomenon of the diffraction of X-ray beam from the crystals was 
explained by the English physicists Bragg and his son in 1912. They were 
presented this observation in the following famous equation:
nA = 2d sinO
63
Chapter 2 Experimental
D i& u M  x-n p s
Atom ic-scale crystal la ttice  planes
Figure 2.10: Schematic diagram for Bragg's law.
According to the diagram drawn in figure 2.7, the symbols in Bragg's 
equation can be defined as follow:
d = the distance between different plane of atoms in the crystal lattice,
0 = the angle of diffraction, 
n = an integral number of wavelengths, and 
X = the wavelength of X-rays.
The atoms or molecules in a crystal are arranged forming a crystal 
lattice. These arrangements may be found in different directions, horizontally, 
vertically or diagonally which give the form of lattice planes. The planes are 
parallel to each other and the distance between the planes is called the lattice 
plane distance, d. When the parallel X-rays strike a pair of parallel lattice 
planes, the atoms within the planes scatter the incident waves at an angle 0 
which is half the angle between the incident beam and the diffracting beam.
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Chapter 3 Photocatalytic Methanol and Glycerol Reforming on Metal-TiQ2 Catalyst
3. Photocatalytic Methanol Reforming on Metal-Ti02 catalysts
3.1 Introduction
Extensive research has focused on the hydrogen economy during the 
past few decades. The efficient conversion of liquid water to gaseous 
hydrogen and oxygen (water splitting) is still an intellectual challenge. Thus 
much attention has been paid to the enhancement of the energy efficiency to 
at least 10% of the solar energy available.
The experiment of Fujishima and Honda111 is one of the major 
discoveries of the 20th century. Their photoelectrochemical cell decomposed 
the water into hydrogen and oxygen when a titanium oxide electrode was 
connected with a platinum black electrode. The direction of the current shows 
that the oxidation reaction (oxygen evolution) occurs at the titanium oxide 
electrode and the reduction (hydrogen evolution) occurs at the platinum black 
electrode. After their success with Ti02, a huge amount of work has been 
carried out to develop the solar-hydrogen system with increasing conversion 
efficiency of solar energy into chemical energy12-41.
For hydrogen production using sunlight and water as available 
abundant raw materials, there are different ways to split the water into 
hydrogen and oxygen. Use has been made of photoelectrochemical cells as
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mentioned in Fujishima and Honda’ work and later works[5_7], of powdered 
semiconductor photocatalysts loaded with various metals, using dye 
sensitizers to alter the wavelength response of the semiconductor and of 
sacrificial systems where either the oxidation or reduction half-reaction is 
targeted.
Loading of noble metals such as Pd, Pt, and Au on Ti02 has a great 
interest in the field of the hydrogen photoproduction. These metals can 
change the surface properties of semiconductors, which in turn promote the 
efficiency of the photocatalytic reaction18 91. The enhancement arises from the 
suppression of electron-hole recombination as the excited electron transfers 
to the metal leaving a hole in Ti0 2 [10,11].
It was found that Pd/Ti02 is the most active in terms of the hydrogen 
evolution from water and methanol system compared to the other metals (Ir, 
Fe, Co, Ni, Rh, Ru, Pt and Au) loaded Ti02[12]. However, it is generally 
believed that Pt/Ti02 is the most efficient catalyst for the reaction due to its 
low overpotential for hydrogen production. In general, comparisons between 
the activities of the metals are complicated, due to greatly varying conditions 
of the reaction, the preparation method, and the state of the water (gas or 
liquid phase)113'181.
The yield of hydrogen produced is usually still low due to the reverse 
reaction between hydrogen and oxygen. The addition of some organic 
compounds such as methanol, ethanol, and EDTA enhances the rate of
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hydrogen production considerably, to much higher yields than for water 
alone[2, 19]. These substrates are called sacrificial electron donors. That 
means they increase the time for recombination of photogenerated electron 
and hole. The photodecomposition of organic compounds and water leads to 
the formation of hydrogen like carbon dioxide. However, the mechanism is not 
completely known.
Methanol as a hole scavenger was chosen as a model molecule to 
simplify the study as it contains only one functional group (hydroxyl). One of 
the mechanisms of the photooxidation of methanol over the photocatalyst 
suggested12,19-211 that this reaction is stepwise including stable intermediates 
as follows:
CH3OH + 2h+ « ► HCHO + 2H+ (3-1)
HCHO + H20  + 2h+ * ------------► HCOOH + 2H+ (3-2)
HCOOH + 2h+ «-------------------► C 0 2 + 2H+ (3-3)
Hydrogen is formed by reducing the hydrogen ions by the photogenerated 
electrons:
2H+ + 2e* <  ► H2 (3-4)
The overall reaction is:
CH3OH (I) + H 20 ( \ ) < ---------------- ► C 02(g) + 3H2(g) (3-5)
According to this mechanism, the hydrogen was produced from methanol 
reforming and water splitting simultaneously. Table 3.1 shows the rate of
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hydrogen production over different catalysts in the presence of different 
sacrificial reagents.
Table 3.1: The rates of hydrogen production over different catalysts.
Catalyst H2 production rate pmol/h Conditions References
Pt/Ti02 4675 Gas phase 29 % methanol (v/v) [18]
Cu/Ti02 1350
Liquid phase 
1:1 methanol/water 
Pyrex reactor
[17]
AgO+Ti02 1700 Liquid phase 1000 ml Methanol [22]
Graphite silicon 
GS+Ti02 22.3
40 vol % methanol 
UV irradiation [23]
NiO/Ti02 162.6
Liquid phase 
200 ml Methanol 
Pyrex reactor [24]
HLaNb20 7:ln 36 10 vol % Methanol (5 mol% In) [25]
2% Rh/Ti02 449
Gas phase 
10% wtNaOH 
Quartz cell
[26]
0.3% Pt/Ti02 78
Liquid phase 
0.76 mol Na2C03 
Quartz reactor
[27]
The aim of this work
The work in this chapter concerns an investigation of several factors on 
methanol reforming over Pd/Ti02. These factors include the amount of 
catalyst, methanol concentration, Pd loading in liquid and gas phase, and 
wavelength of the light. Moreover, reforming of glycerol over Pd/TiC>2 and 
Au/Ti02 is investigated and comparison of the results with those for methanol
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is made. This chapter also deals with supports with high surface area, such as 
mesoporous TiC>2, and compares its activity with Pd/Ti02. Pd/Ti02 and 
Au/Ti02 were prepared and tested in the apparatus for this reaction as 
described in chapter two. All of the catalysts were made using P25 Degussa 
Ti02 as a photoactive support except Pd/MTi02 where the mesoporous T i02 
was the support.
3.2 Results and Discussion
3.2.1 The concentration of the catalyst
As shown in figure 3.1, the volume of H2 produced increases nearly 
linearly with time. The relationship between the rate of hydrogen production 
and the amount of the catalyst (in 100 ml of deionised water and 100 pi of 
methanol) is illustrated in figure 3.2 which shows that the rate (the amount of 
hydrogen evolved divided by 60, 120 or 240 mins) increases sharply at low 
catalyst concentrations and then declines above 0.2g.
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Figure 3.1: The effect of the catalyst amount on the hydrogen production.
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Figure 3.2: Hydrogen production rate from different concentrations of 0.5% 
Pd/Ti02 catalyst in water.
72
Chapter 3 Photocatalytic Methanol and Glycerol Reforming on Metal-TiQ2 Catalyst
This effect had been observed for other photocatalysts for producing 
hydrogen by degradation of some organic compounds [12, 28-311 and can be 
explained by the availability of the active sites on the catalyst and the and light 
absorption. At 0.2 g of titania, the rate of hydrogen production reaches to the 
maximum value when the light absorption is optimum. Above this amount of 
titania the absorption and scattering effect means that some suspended 
particles of Ti02 do not receive light and so the available active sites diminish 
(electron/hole pairs); therefore the rate of hydrogen production decreases at 
high catalyst.
There is no hydrogen production in the absence of the catalyst and 
argon. Therefore, the production of hydrogen by this technique is a catalytic 
reaction. As will be shown later CO2 is also produced, though it is not 
measured by the chromatographic method used here.
3.2.2 Hydrogen production by using Dichroic Mirrors
A dichroic mirror is a filter, which reflects infrared radiation but allows 
visible light to pass through. If it reflects IR, it is frequently called hot mirror 
and filters, which pass IR are frequently called cold mirrors, even though they 
are not heated or chilled in any way. The names are technically inaccurate but 
stem from the fact that thermal energy is included in the infrared spectrum. 
The optimum wavelength was when there is no filter used, as approved in the 
earlier work1311, i.e. the all wavelength transmitted from the lamp source from 
IR to visible region was focused on the reactor. The effect of dichroic mirrors 
on the rate of hydrogen production and the temperature of the reactor was
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investigated. A thermocouple placed in the right arm of flask revealed that the 
temperature of the system reduced from 95 to ~50°C. Figure 3.3 displays the 
volumes of hydrogen produced from illumination of 0.2 g of 0.5% Pd/Ti02 in 
the liquid phase with 100 ml deionised water and 100 pi methanol using three 
different wavelengths range of dichroic mirrors and compared these results 
with that reaction which did not use filters. The rate of that reaction with 280- 
400 nm of filter was quite similar to that of standard reaction (without using a 
filter) while 260-320 and 350-450 nm were lower than the wider range of 
wavelengths. From these results, the presence of dichroic mirrors does not 
enhance the rate of hydrogen production, which is considered the main aim of 
this chapter. However, this mirror may be useful if the photocatalytic reaction 
occurred at room temperature is required and gives the same rate of the 
hydrogen production in the same time.
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Figure 3.3: The effect of different wavelengths by using dichroic mirror.
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3.2.3 Metal loading dependence in liquid phase
The aim of this set of investigations was to determine the dependence 
between metal loading and the rate of hydrogen production. A series of 
catalysts of different weight loading of palladium on titania were prepared. 
These were 0.001, 0.01, 0.1, 0.5, 2.0, 5.0, 7.0 and 10.0%w Pd on Degussa 
titania. The reaction was tested by using 0.2 g of the catalyst in 100 ml 
deionised water and 100 pi methanol.
As shown in figure 3.4, the amount of hydrogen evolved depends 
strongly on the Pd loading and it is also observed that there is an initial 
induction period for the highest loadings of Pd. This dependence is clearer 
when the rate of hydrogen evolution was calculated and plotted versus the 
different metal loadings in figure 3.5. The rate was calculated both by 
measuring the total volume of hydrogen at 60 or 120 mins and by the 
averaged slope of each line. The figures and the table 3.2 showed that the 
rate increases sharply from 0.001 to 0.1 %w Pd/Ti02. When Pd loading 
increases more than 0.1% w, the activity starts decreasing gradually to reach 
to zero at 10% w Pd loaded on Ti02. As a result of that, the optimum rate of 
hydrogen production is obtained at -  0.1% w Pd. To distinguish the rate at low 
metal loadings clearly, figure 3.6 was plotted which the catalyst loadings of Pd 
in a semi-logarithmic form.
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Figure 3.4: The effect of Pd loadings on the hydrogen production.
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Figure 3.5: Hydrogen production rate versus Pd metal loadings.
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Figure 3.6: A semi-logarithmic plot of hydrogen production rates versus Pd 
metal loading.
Table 3.2: The rate of hydrogen production versus different metal loadings of 
Pd in liquid phase (pl/min).
Loading of the 
catalyst /g T= 120 mins t= 60 mins Linear rate
0.001 1 1.02 1.02
0.01 8 6.84 7.63
0.1 11 13.25 9.46
0.5 9.4 8.73 8.93
2 6.6 3.96 7.77
5 5.2 1.72 7.25
7 3.2 1.75 4.22
10 1 0 -
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This behaviour can be interpreted in a manner similar to that proposed 
earlier [12, 15' 32‘361. It is observed that Ti02 alone shows a very low rate of 
reforming of the methanol which is discussed later on, so there is a 
relationship between the increasing activity and the presence of Pd on the 
photoactive support Ti02. One role of the Pd present on T i02 is to remove the 
photogenerated electrons produced on irradiation of Ti02 ; however, there is a 
fine balance between the area covered by Pd particles and the uncovered 
support, since both are involved in the reaction.
The variation of activity of the catalyst with Pd loading can be related to 
the active sites which are proposed to be at the boundary between the metal 
particles and the support, that is, at the interface between the metal and 
semiconductor1371. As presented in figure 3.7, at low loading, the particles are 
separated over the surface of the support. With increasing the metal loading, 
the particle size increases and so the boundary length increases. As the 
palladium particles become big enough to almost touch, the rate of hydrogen 
production reaches the maximum value, where the perimeter is maximised. 
With increasing the coverage of Ti02 by more palladium, the particles begin to 
merge which leads to a reduction of the active sites until all the surface is 
completely covered by the palladium when the activity reduces to zero.
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Figure 3.7: The proposed relationship between the particle growth and the 
rate of hydrogen production.
TEM measurements revealed the particles of Pd at highest loading 
were separate before and after the photoreaction. The size of Pd particle of 
5% Pd/TiC>2 was -  3 nm for the fresh catalyst while after 5 hours of irradiation, 
it increased to around 6 nm1311. The presence of large particles after reaction 
was attributed to the sintering process occurring during the course of the 
reaction. The induction time at high Pd loading may be also interpreted in the 
light of this process. At 10% wt Pd/TiC>2 , there is no hydrogen evolved in the 
initial of the part of the reaction due to overlapping of Pd particles. Then 
hydrogen started evolving because of the sintering process, which means that
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Pd particles agglomerated forming larger particles. Thus, active interface 
between Pd and Ti02 was created.
However, referring to TEM results131, 321, it is impossible that the low 
reaction rates at high loadings is due directly to the reduced active perimeter, 
since there is insufficient Pd to enable this, as shown by the TEM the particles 
are separate. The calculated percentages coverage of Ti02 by metal, 
assuming at adsorbs in only monolayer form, are shown in table 3.3
Table 3.3: The percentage coverage of palladium on T i02 in monolayers at 
different loadings.
% wt Pd loading
Percentage coverage in 
monolayers
0.001 0.011371213
0.01 0.113712135
0.1 1.137121345
0.5 5.685606726
2 22.7424269
5 56.85606726
10 113.7121345
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The values in table 3.3 were calculated as follows:
Number of surface atoms of Ti02 per m2 = 1 x io 19 atoms
Number of surface atoms of Ti02 for 0.2 g = 1 x io 19 x 50 m2/g (surface area of
titania) x 0.2 g = 1x102° atoms
Mass of Pd of 0.2 g of 0.1%Pd/TiO2 = 2x10'4g
Number of moles of Pd = Pd mass/atomic weight of Pd = 2x10^/106 =
1.88X10-6 moles
Number of atoms of Pd = number of moles x Avogadro’s number
= 1.88x1 O'6 x 6.02x1023 = 1.1 x 1018 atoms 
Then, the percentage of coverage for 0.1%Pd/TiO2 = 1.1 x 1018/1 x io20
-  1%
That means that the optimum Pd loading which gave the highest rate of 
hydrogen production, it only covers a very small part of the surface. Therefore, 
the active perimeter theory could not explain the activity of catalysts with 
different metal loadings. Therefore, it is proposed that the active region is 
somewhat remote from the particles. So the active sites, which are 
responsible of the reaction are located remotely from the actual metal-titania 
interface. Thus, these remote boundaries, which surround each particle, when 
the metal loading increase (after the optimum loading), start overlapping at 
much smaller particle size. Subsequently, the rate of reaction reduces at lower 
loading of Pd (figure 3.8). The existence of active region remote from the 
metal surface could be due to the electronic depletion zone around the
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particles, which in turn leads to that the carbon monoxide spills over and 
builds up at the interface between the metal and titania.
Figure 3.8: The overlapping of the boundaries of the active regions 
surrounded the Pd particles overlap.
3.2.4 Pd loading dependence in gas phase:
Many studies have been carried out for liquid phase for methanol 
reforming over Pd or Au/Ti02 t12,32, 33]. In the stirred aqueous solution, the 
chance of illumination of all the particles at the same time is non equal which 
means that the nearest particles from the light may mask those which are 
further away from the light source. Consequently, the rate of hydrogen 
production is affected. To avoid these problems, the reaction has also been 
investigated in the gas phase. In this phase, the catalyst is mounted on a thin
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layer on a slide, as described in chapter two. All the slides were mounted with 
50 mg of different loadings of Pd on Ti02. It should be considered that, for all 
the gas phase experiments, the catalyst on the slide was suspended above 15 
ml of deionised water and 100 pi methanol and was not immersed in the 
liquid.
By this way, more of the particles exposed to the light can be 
illuminated. Besides that, the agglomeration can be avoided because the 
catalyst mounted on the slide is no longer in contact with liquid. Figure 3.9 
shows a comparison of the hydrogen yield from two experiments (liquid and 
gas phases). This comparison was achieved by using the free-ozone Xe arc 
lamp. It was observed that the optimum rate over (0.1 % wt. Pd/Ti02) in the 
gas phase was more of that in liquid phase (0.5% wt. Pd/Ti02) by 30% ( 78 
and 47 pl/min, respectively), even though much less catalyst was used (0.05 
and 0.2 g, respectively)
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Figure 3.9: Comparison of H2 yield from gas and liquid phase over 0.5% 
Pd/Ti02.
To produce the hydrogen in this way, the water and methanol must be 
in the gaseous state, but it is uncertain in which form the reactants reach the 
catalyst. It is possible, for instance, that water and methanol condense on to 
the catalyst surface and that the reaction occurs in this liquid-like layer. During 
the reaction, the temperature was measured by inserting thermocouple 
through the side arm of the reactor (attached with the slide) and it was -95° C, 
and it is felt that condensation is unlikely.
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In figure 3.10, the amount of hydrogen evolution is similar to that in the 
liquid phase but is more linear, and is for only % of the amount of catalyst. 
Even small quantity of palladium on Ti02 (0.001 %w Pd) caused a significant 
increase in the amount of hydrogen evolved but adding Pd above 0.1% (0.5- 
20%), the hydrogen production decreased. In figure 3.11, 3.12 and table 3.4, 
0.1% loading appears to be about the optimum loading and with further Pd the 
rate decreased. 20% gives nearly the same rate for that T i02 alone.
In gas phase, there are a number of differences from the liquid phase 
experiments:
i) Higher maximum rate
ii) T i02 alone appears to have significant activity.
iii) Higher activity at high loading with no induction period.
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Figure 3.10: The effect of Pd loadings on the hydrogen production in gas 
phase.
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Figure 3.11: The rate of hydrogen production versus the Pd loading.
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Figure 3.12: A logarithmic plot of the rate of H2 over different Pd loadings.
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Table 3.4: The rate of hydrogen production versus different Pd loadings on 
titania (pl/min).
Pd loading 
wt % Linear rate T= 60 mins T= 120 mins
0 7.1 9.05 8.5
0.001 35.3 36.81 35.7
0.01 52 54.56 53.7
0.1 63.1 67.23 65.3
0.5 41.3 41.68 41.8
2 21.8 21.85 21.9
5 24.5 23.815 24.7
10 20.8 11.98 19.9
20 10 7.7 11.6
The comparison between the rate of hydrogen production in liquid and 
gas phase is clear in table 3.2 and 3.4. The optimum rate at the optimum 
loading in gas phase is much higher compared with that in liquid phase, even 
though the amount of the catalyst mounted on the slide (50 mg) is lower than 
suspended in the aqueous solution (0.2g). That means that it is advantageous 
and economic to use the gas phase reaction to optimise hydrogen production. 
This difference can be interpreted based on the way of exposing the catalyst 
to the light. When the particles are mounted on the slide, the light is focused 
better on the catalyst than it is on the suspended particles, and thus the 
illumination efficiency is higher.
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3.2.5 The effect of optical density
The number of photons come from the Xe lamp can be controlled by 
using filter which transmits a part of photons coming from the lamp source. 2 g 
of 0.5% Pd/Ti02 suspended in 100 ml of deionized water and 100 pi of 
methanol was illuminated by different quantities of photons using three filters 
which differ in the transmittance (10, 25, 50%) and as well as the same 
reaction was carried out without a filter (the standard reaction). Such reaction 
is considered photocatalytic reaction as it was not observed any hydrogen in 
the absence of light.
Figure 3.13 and 3.14 showed that the highest rate was in the case 
which there was no filter. Moreover, in this figure, there was a significant 
difference of H2 yields. When the transmittance increases, the number of 
photons increases and hence the rate of hydrogen production increases. The 
increase of quantity of photons means the number of illumnated of T i02 
particles increases and hence the rate of hydrogen production. However, Not 
all the photons produced from the lamp source go through the reactor due to 
the transmittance of the Pyrex flask was above 300 nm, as mentioned in 
chapter two.
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Figure 3.13: The effect of optical density on the hydrogen production.
In figure 3.14, it is observed that there was a marked effect on the rate 
of hydrogen formed after placing a filter. The production of hydrogen 
decreased by 3 times when 50% of photons were transmitted compared to 
that no filter used. In addition of that, the increase of H2 production rate is 
linear with increase of the photons which means the reaction is approximate 
first order with respect of light.
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Figure 3.14: Hydrogen production rate versus different percentage
transmittance.
3.2.6 Hydrogen production over mesoporous Ti02 (MTi02)
According to IUPAC notation, porous materials were divided into 
several kinds by their pore diameter. Microporous materials have pore 
diameters of less than 2 nm and macroporous materials have pore diameters 
of greater than 50 nm; the mesoporous category thus lies in the middle. Their 
large internal surface area, as high as 1,000 m2/g, and large uniform pores, 
make them useful for applications in catalysis, separation and absorption. 
Mobil Corporation invented the successful method of ordered mesoporous 
molecular sieve (M41S)[38, 39]. They proposed that the formation of these 
materials takes place by means of a liquid-crystal ‘templating’ mechanism, in
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which the silicate material forms inorganic walls between ordered surfactant 
micelles. After this discovery, there have been numerous studies on their 
synthesis, characterization and application140,41]. Over the past 10 years, a lot 
of research has focused on the synthesis of these materials to mimic zeolites 
in its high selectivity, activity and stability which have restricted use in some 
process where large molecules and high viscous liquid are present owing to 
their micropores.
There are different synthesis methods to form mesoporous materials, 
among of them is the templating as mentioned in Mobil work. By another way, 
a typical synthesis starts with formation of organic micellar species in aqueous 
solution, then polycondensation of an inorganic matrix and finally removal of 
the organic template. Yao e t  a l. reported the first new templateless procedure 
which is based on the synthesis of the mesoporous structure in the absence 
of surfactant to avoid calcination or extraction method as well as use the large 
amount of expensive and toxic materials serving as template1421. The 
mesoporous materials prepared by this method were mesoporous silica- 
alumina materials with narrow pore size distribution and large specific surface 
area.
By the typical approach, many porous non-silica oxides were 
synthesized143 441. Mesoporous titanium dioxide is among those materials 
which has a great role in a lot of photocatalytic reactions. The first successful 
attempt for synthesizing mesoporous amorphous titanium dioxide was by 
Antonelli using alkyl phosphate as surfactant in the modified sol-gel
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synthesis1431. The calcinations or solvent extraction is generally used to 
remove the phosphorous from the template to get high surface area’s catalyst. 
However, it was difficult to achieve that completely in the case of preparation 
of titanium dioxide because phosphorous is bound strongly to the molecular 
sieve1451. Subsequently it affects the catalytic properties of T i02. Liu e t  a t. 
reported a novel simple, template-free synthetic approach for preparing of 
mesoporous titanium oxide1461. This route, considered an inexpensive 
synthesis, involved HN03-catalyzed hydrolysis and polymerization of TBT 
(titanium (IV) n-butoxide) in ethanol without using a structure-directing 
template.
In this work, mesoporous titanium dioxide MTi02 was prepared through 
template-less method in the National Chemical Laboratory in Pune, India by 
Gopinath e t  a l  was used as photocatalyst to investigate the rate of 
photocatalytic hydrogen production. The preparation method was described in 
chapter two.
To investigate the activity of mesoporous Ti02 in photocatalytic 
hydrogen production, 0.5, 2 and 10% wt. Pd/MTi02 were prepared by the 
impregnation method. Figure 3.15 shows the comparison between the 
activities of M Ti02 and commercial Degussa P25 at the same Pd loading, in 
liquid phase. Pd/Ti02 (P25) was twice as active as Pd/MTi02. This could have 
been due to too low a Pd loading. So this led us to prepare 2 and 10% wt. 
Pd/MTi02 to clarify more regarding the effect of metal loading on its activity.
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These high loadings were tested in gas phase. Figure 3.16 showed that none 
of these loadings gave hydrogen more than over 0.5%Pd/TiO2.
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Figure 3.15: Comparison between the activities of 0.5% Pd loaded 
mesoporous Ti02 and P25 in liquid phase reaction.
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Figure 3.16: Comparison between the activities of Pd loaded mesoporous 
TiC>2 and P25 in gas phase reaction.
Although it was found that the mesoporous Ti02 has a higher activity 
than Degussa in the oxidation of formaldehyde and acetone1471, their activities 
alone without Pd loading in production of hydrogen were the opposite in our 
work. There was no hydrogen from methanol at all in the case of mesoporous 
TiC>2 that has high surface area while some hydrogen was detected over T i02 
P25, as a shown later in chapter 5.
When P25 and meso-Ti02 were characterised by XRD, a significant 
difference was obtained in terms of the kind of the phase and the crystallite 
size, which was calculated by Scherrer’s equation. Figure 3.17 displays 
diffraction peaks at 20 = 25.3, 38.0, 48.1 and 55.3°, which means the meso- 
T i02 was composed of the anatase phase only. However, the P25 was 
anatase phase with some rutile, which in turn increases the activity of T i02 as
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disccused in chapter four. On another hand, the crystallite size of meso-Ti02 
(6.8 nm measured by Scherrer’s equation) was much smaller than of that of 
P25, since the crystallite sizes of anatase and rutile phase in P25 were 21.6 
and 34.6 nm, respectively133,481.
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Figure 3.17: XRD analysis of T i02 P25 and mesoporous titanium dioxide 
M Ti02 prepared by template free method.
3.2.7 The effect of methanol concentration
As mentioned previously, the addition of sacrificial reagents such as 
alcohols and other organic materials inhibit the hydrogen/oxygen reaction and
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increase the rate of hydrogen production 12 3i 35 491. Moreover, these materials 
are able to reduce the recombination of photogenerated electrons and holes.
Dickinson investigated sets of different concentrations of methanol on 
the rate of H2 production1321. The effect was clear between the rate of H2 
production with or without methanol. The hydrogen production increased with 
increasing the methanol concentrations, though the greatest rate was more 
apparent at low concentration. When the rate of hydrogen production per 
gram of methanol used was calculated and plotted against methanol 
concentration, the correlation displayed that the optimum rate was at low 
methanol concentration. This study demonstrated that the rate of hydrogen 
evolution had little dependence on the concentration of methanol. Similar 
results in the case of gas phase that methanol concentration had a roughly 
zeroth order effect on the rate1121.
However, the methanol concentration range was rather limited in 
Dickinson's study, and so here very low volumes 0, 3, 10, 30, 50, 100, 200 
and 300 pi methanol were added to 100 ml of deionised water with 0.2 g of 
0.5%w Pd/Ti02, in order to elucidate the dependence clearly. Figure 3.18 
shows the evolution of hydrogen versus time. At low concentrations, the rate 
of reaction depends strongly on the volume of methanol added. With 
increasing the volume from 3 to 30 pi, the rate increases. Above 30 pi, there is 
little obvious change. This behaviour is a typical kind of Langmuirian catalytic 
reaction, which is manifested in figure 3.19 as the rate of hydrogen production 
against methanol concentration. In all the experiments, the conversion is low
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and thus the rate of hydrogen formation is not affected by reactant 
concentration changes during the time of the individual experiments.
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Figure 3.18: The effect of methanol amount on the hydrogen production.
The minimum amount of methanol required to cover the surface of the 
catalyst as a monolayer can be derived as follows:
Specific area of the catalyst = 59 m2/g
The surface area of 0.2 g of 0.5%Pd/TiO2 = 11.8 m2
The number of the surface atoms ~1019 m'2
Thus, the number of surface atoms in 0.2 g of 0.5%Pd/TiO2 = 1.18 x 102°
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Figure 3.19: The rate of the hydrogen production at different methanol 
concentrations.
Figure 3.19 illustrated that the rate is maximized at -  10 pi of methanol, 
which corresponds with 1.4 * 1020 molecules. This number of methanol 
molecules are almost the same of the number of the surface atoms, though it 
must be noted that the 10 pi, from figure 3.19, extrapolated is rather 
approximate. However, the closeness of these two numbers indicates that at 
this point, all the active centres of the catalyst are saturated by the reactants 
(i.e. the monolayer is formed according to Langmuir model). As a result of 
that, the rate of hydrogen production increases with increasing of methanol 
concentration until the monolayer formed, and then there is no marked 
change thereafter as the methanol is in excess.
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Figure 3.20 displayed the order of this reaction with respect of 
methanol volume at low amounts, which is near first order at low volumes 
(below 30 pi) and then approaches zero order at high concentration.
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Figure 3.20: Dependence of hydrogen production rate on low methanol 
concentrations.
3.2.8 The reaction completion at low methanol concentration
In the most of the last experiments, it is observed that the rate of the 
reaction decreased slowly with the time. To study whether the decrease in the 
rate of hydrogen production due to the catalyst deactivating or consumption of 
methanol completely, a very small amount of methanol was used.
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2 pi of methanol was added to 100 ml of deionised water mixed with 
0.2 g of 0.5% w Pd/Ti02. The mixture was irradiated with stirring and analyzed 
the gas produced every 30 minutes and was carried out for a very long time.
Figure 3.21 shows that the rate of the reaction reduced to near zero 
after 9.30 hours. 3.55 ml of hydrogen (= 1.48x 10-4 mol) were produced by 
the end of the experiment. Theoretically, 1.48 * 10*4 mol of hydrogen should 
be produced when 2 pi of methanol was added to the solution according to 
the following equation:
CH3OH + H20  = 3H2 + C 0 2
So excellent compatibility between the theoretical and practical results 
is apparent, confirming the stoichiometry above.
To demonstrate further that the catalyst was not poisoned, three drops 
of methanol were added to the mixture after the reaction stopped and it was 
found the rate of hydrogen evolution increased once again. This increase 
proved that the catalyst was still effective for producing hydrogen from the 
reforming of methanol. Hence the ceasing of hydrogen production after a long 
time was because all the methanol molecules were consumed by reaction. 
This result demonstrated strongly that Pd/Ti02 was stable in spite of a long 
period of illuminating the catalyst which is considered to be an important 
requirements of a useful photocatalysts.
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Figure 3.21: the completion reaction at low concentration of methanol.
3.2.9 Comparison between the photoreforming of methanol and 
glycerol
Since the energy crisis in 1970, there has been considerable interest in 
the development of alternative and renewable energy sources. Current 
concerns over finite natural oil reserves and the impending consequences of 
global warming has led to a considerable increase in the attention given to this 
area. The use of biodiesel appears to offer a means of reducing both net 
carbon dioxide emissions and air pollution, thus it is a renewable and 
environmentally friendly fuel. In specific definition, biodiesels are alkyl esters 
of fatty acids and are a fuel made from vegetable oils or animal fats. The 
transesterification route is the usual process to produce biodiesel. This
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process is depicted as follows; 45 pounds of fat or oil (such as soybean oil) 
are reacted with 4.5 pounds of a short chain alcohol in the presence of a 
catalyst to produce 4.5 pounds of glycerol and 45 pounds of biodiesel. 
However, one of the issues of this technology is that for every tonne of 
biodiesel generated, 220.5 pounds (100 kg) of glycerol is produced and this 
has an adverse effect on biodiesel economics. There is therefore a need to 
identify new routes by which the side product glycerol can be converted into 
useful products. Recently, several approaches have been reported to produce 
high-value products from an abundant glycerol. Catalytic conversion 
processes are crucial to convert glycerol to useful chemicals. Scheme 1 
shows several different approaches regarding to these conversions1501. 
Pyrolysis and gasification of glycerol processes can be a source of hydrogen 
as liquid or gas fuel depending on the temperatures. However, the difference 
between these processes is the gasification is done in the presence of 
oxygen. A high H2 yield was produced by the gasification of glycerol using 
supercritical water without a catalyst1511.
As known, the reforming process of glycerol represents steam 
reforming, catalytic partial oxidation, or autothermal reforming based on the 
source of heat and the kind of the reactants according to the general 
equation:
C3H8O3 + x H20  + y 0 2 ~  a C 02 + b CO + c H20  + d H2 + e CH4 +....
Dauenhauer and co-workers examined the autothermal reforming of 
glycerol and found that rhodium supported on alumina foams had a high fuel 
conversion and high selectivity to H2I52].
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Scheme 1: processes of catalytic conversion of glycerol into useful chemicals.
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Beside that, the conversion of glycerol to hydrogen by using the steam 
reforming process was studied recently by Douette e t  a l [53]. This research 
used glycerol as reforming feedstock for hydrogen production using a fixed 
bed reactor of based-nickel catalyst. Oxygen to carbon ratio, steam to carbon 
ratio and temperature had an effect on the rate of the conversion of glycerol. 
The best yield of hydrogen produced (4.6 mol H2 / mol glycerol) was when the 
steam to carbon ratio was 2.2 and the temperature was 760° C. This yield 
represented 65 % of the stoichiometric reforming of glycerol ( 7 mol H2 / mol 
glycerol) as shown in the following equation:
C3H80 3 + H20  — 7H2 + 3C 02 (1)
Douette e t  a l  also investigated the use of the crude glycerol obtained 
from the biodiesel which contains NaCI, NaOH and another impurities. It was 
found the initial rates of reforming of crude glycerol is similar of that for pure 
glycerol then the rate decreased due to the deactivation of the catalyst. Na 
was responsible for reducing the activity. When it was added to the pure 
glycerol, the rate tended to the same behaviour as in the case of crude 
glycerol.
Photocatalysis may be an economical and an alternative approach to 
the conversion of glycerol, which overcomes the issue of using high 
temperatures and the catalyst poisoning. Reforming of glycerol 
photocatalytically can be performed in an analogous way to the reforming of 
methanol in this work. 100 ml of deionised water was stirred with 0.2 g of
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catalyst ( 0.5% w Pd/Ti02 or 2% w Au/Ti02 ) and 100 pi of glycerol or 
methanol and illuminated to 3 hours. The gaseous products were analysed by 
GC and MS in the same time. These loadings of Pd and Au were chosen 
because they gave the optimum hydrogen production rate.
The rate of hydrogen evolution from oxidation of glycerol is depicted in 
figure 3.22 and is compared with the result with for methanol.
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Figure 3.22: The rates of hydrogen production from the photocatalytic 
reforming of glycerol and methanol over a 0.5% Pd/Ti02.
Hydrogen production rates of reforming of glycerol and methanol were 
constant with irradiation time and they were 85.3 and 45 pl/min, respectively. 
Subsequently, these results indicate that the rate from glycerol was double of
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that of methanol. The stoichiometric reactions prove the rates observed 
through equation 3-6 and 3-7, since glycerol contains three hydroxyl groups 
compared to that of methanol,
C3H80 3 + H20  — 7H2 + 3C02 (3-6)
CH3OH + H20  — 3H2 + C 02 (3-7)
The present experiment confirms that the most important factor for 
hydrogen production from such molecules is the presence of an alcohol 
group, which is readily oxidised by the photocatalytically excited oxygen state. 
Alkanes are not suitable for this goal since it was found they produced very 
little hydrogen1331.
The only difference in the mechanism for glycerol is that all three 
alcohol group are likely to deprotonate upon adsorption, followed by rupture of 
the C-H bonds and finally C 02 would produce from complete oxidation by 
removing the photo-generated holes.
The same reactions were carried out over 2% wt Au/Ti02. 2% of Au
was reported as an optimum loading1331. Figure 3.23 showed that the same
comparison between the reforming of methanol and glycerol over this catalyst. 
Like Pd/Ti02, the rate of hydrogen production from reforming of glycerol was 
higher than from that of methanol (48 and 13 pl/min), respectively. However, 
the difference between the rates here was more than three times.
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Figure 3.23: The rates of hydrogen production from the photocatalytic 
reforming of glycerol and methanol over a 2% Au/Ti02.
Au/Ti0 2  catalysts have shown photocatalytic activity for the evolution of 
hydrogen despite the fact that to be believed it was inactive in the catalytic 
reactions 114 15, 54, 55]. Although this catalyst appeared to have good activity 
towards the hydrogen production, reforming of glycerol over Au was 1.7 times 
slower than over Palladium.
Based on the diameter of the metal particles, their surface area can be 
calculated.
In the case of 0.5% w Pd/Ti02:
The mass of Pd for 2 gram of titania = 0.01 g
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The density of palladium = 12 g/cm3
According to electron microscopy1321, the average particle diameter of 
palladium is -  3 nm.
Surface area of Pd = surface area of one particle * number of particles of Pd 
= surface area of one particle * (mass of Pd / mass of one particle)
So, assuming hemispherical particles,
the surface area of Pd = 2 tt r2 x (mass of Pd / 2/3 p tt r3 )
Surface area of Pd = 3 *  mass of Pd / p r
= 3 x 0.01 /(1 2 x106).(3x10‘9)
= 0.83 m2
So, the surface composition is 1.66% Pd, since the surface area of T i02 (P25) 
is 50 m2.
Secondly, 2% w Au/Ti02 was used in the reforming of methanol and 
glycerol. To compare the surface composition by optimum loading of Pd with 
of that of Au, the same calculations mentioned above was used as follows:
The mass of gold for 2 g of titania = 0.04 g 
The density of gold = 19.3 g/cm3
According to XRD results1331, the diameter of gold particle is 37.6 nm.
Surface area of Au = 3 * mass of Pd / p r
= 3 x 0.04 / (19.3x10e).(37.6x1 O'9)
= 0.165 m2
So, the surface composition in the case of Au/Ti02 is 0.33 %. Now the 
comparison between two optimum loading of these catalysts becomes more
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apparent as the surface area per unit volume for Au/Ti02 is much lower than 
of that in the case of Pd/Ti02.
The mechanism of reforming of glycerol over Pd/Ti02 and Au/Ti02 can 
be proposed on the light of the mechanism of reforming of methanol over 
these catalysts132, 331. Figure 3.24 illustrates the mechanism of photocatalytic 
methanol reforming over Pd/Ti02 as a catalytic cycle. Methanol adsorbs 
dissociatively on Pd metal forming CO and liberating two moles of hydrogen 
while on the surface of titania, water is reduced forming hydrogen gas. In the 
absence of light, CO strongly adsorbed would poisoned the metal (desorption 
temperature 450 K)[56] and the reaction would stop (a). When T i02 is exposed 
to UV light, the electron absorbs the photon and is excited from valence to the 
conduction band producing highly activated oxygen species, which it is 
possible as O'. The excitation process takes place when the wavelength of 
light is equal or greater than the band gap of T i02 (3.2 eV) (b). The 
electrophilic species formed attacks CO adsorbed on the metal to form C 02 
leaving a hole on T i02 (h+), which is filled by H20  molecule, and surface 
vacancy on Pd (V) which is filled by another methanol molecule (c and d). 
Therefore, the reaction cycle restarts.
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Figure 3.24: The mechanism of methanol reforming over Pd/Ti02.
It was expected that the mechanism over Au/Ti02 is similar to that 
over Pd/Ti02 except the intermediate. Due to the weaken bonding of CO to 
the surface of gold than to the surface of Pd, the expected intermediate is the 
methoxy group that means the methanol molecules are partially 
dehydrogenated over gold and the reaction would stop at this step in the 
absence of light. Subsequently, the methoxy is oxidized by the electrophilic 
oxygen generated by photoactivation of T i02.
The only difference between methanol and glycerol is three hydroxyl 
groups, which are adsorbed on the surface of metal instead of one functional 
group in the case of methanol.
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3.3 Conclusion
The generation of hydrogen from methanol reforming at different 
conditions was investigated. The results of these studies are summarised as 
follows:
• Among the factors studied which affect on the rate of hydrogen
evolution were the quantity of the catalyst. The optimum rate was
obtained when 0.2 g of Pd/Ti02 .
• Loading Ti02 with metals such as palladium had a varying effect on the 
rate whether in liquid or gas phase reactions. 0.1% wt. Pd gave the 
highest rates in both phases. If the Pd loading was lower or higher of 
these values, the rates were less than the optimum. On the another 
hand, hydrogen produced from gas phase photocatalysis increased by 
30 % compared to the liquid phase reaction. The active regions around 
the Pd particles appear to play an important role in governing the 
activity of Pd/Ti02 at different Pd loading.
• Pd/MTi02 has lower activity in terms of hydrogen evolution compared
to Pd/P25, even though mesoporous TiC>2 has high surface area.
• Adding methanol to the reaction mixture enhances the rate 
significantly. Below 10 pi of methanol, the rate increases linearly with 
its concentration but after that, the reaction approaches zero order. 
Besides that, the hydrogen production stopped when all methanol 
molecules were consumed which was demonstrated by following up 
the reaction with a very small amount of methanol for a long time.
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• Similar results were obtained when glycerol was used instead of 
methanol as a sacrificial reagent. Hydrogen and carbon dioxide were 
the only gases produced, since glycerol contains three hydroxyl 
groups, then the rates of hydrogen evolution over Pd/Ti02 and Au/Ti02 
were much more than that in the case of methanol. Pd/Ti02 was more 
active than Au/Ti02 for both reactions.
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Chapter four Hydrogen production over non-metal doped TiQ2
4.1 Introduction
Ti02 has attracted much attention due to its photostability, 
availability, electronic properties and high potential to oxidize a wide 
range of organic compounds. Thus, it has applications in several fields by 
irradiation with UV light. The most important requirements in the field of 
the application of photocatalysts are photostability and absorption under 
visible light. Unfortunately, the utilization of TiC>2 is limited to the ultraviolet 
region because of its wide band gap. Such a region represents only about 
5% of the solar spectrum while 95% reaches the earth’s surface in the 
range of visible light (400-600 nm). This limitation diminishes the 
efficiency of solar energy conversion using such photocatalysts. The 
development of titania with a high visible light response and high activity 
is one of the major current challenges in the energy and environment 
fields.
All the methods of development of semiconducting photocatalysts 
have sought to achieve two objectives:
a) enhancement of the photocatalytic performance
b) extension of the ability of photocatalysts to absorb under visible 
radiation. The second objective can be achieved by narrowing the band 
gap or introducing a new absorption band within the band gap which 
would have the same effect.
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Doping T1O2 with impurities is one of the most feasible methods of 
modification. Both cationic (transition metals) and ionic (for example, N, 
S, C) doping of titanium dioxide have exhibited promising effects in 
reducing the band gap of Ti02 making it a susceptible material to absorb 
visible radiation with a reasonable quantum yield. Anionic and cationic 
doping induces new states in the band gap of semiconductors, which can 
act as donors or acceptors during the excitation. Hence, the visible 
photoresponse of such a photocatalyst increases. However, the doping of 
foreign atoms does not necessarily increase the photocatalytic activity 
because some of the states can act as sites of photogenerated electron- 
hole recombination. Asahi set three requirements for the doping Ti02[11 to 
result in activity under visible light:
1) The energy states of dopants should be located in the 
forbidden area of Ti02 (band gap).
2) H2/H2O potential should be less positive than of that of the 
dopants generated in the midgap to ensure that the reduction 
process occurs easily.
3) There should be sufficient overlap between the dopants' states 
and the band states of Ti02 in order to enable the 
photogenerated carriers to migrate to the reactive sites within a 
reasonable time.
From these requirements, in particular 2 and 3, it may be 
concluded that the doping of anions is preferable to that of cations since 
the latter form electron-hole recombination sites in their localized d states
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deep in the band gap of Ti02. Additionally, some cation-doped Ti02 is 
thermal unstable [2, 31. In recent years, non-metal doped Ti02 has 
attracted much attention and has undergone rapid development, as non- 
metallic atoms form strong covalent bonds with titanium.
In 1986, Sato found that the use of NH4OH in the preparation of 
titanium hydroxyl caused the presence of impurities such as NOx. 
Therefore, when Ti02 was prepared from titanium hydroxyl, NOx-doped 
Ti02 was formed. This photocatalyst showed some activity in the 
oxidation of carbon monoxide and ethane under visible wavelengths [4]. 
After 15 years, Asahi et al. drew researchers’ attention to this work by 
demonstrating that nitrogen doped Ti02 absorbed light at less than 500 
nm and has an activity in the photodegradation of acetaldehyde and the 
decoloration of methylene blue solution m. Since then, numerous studies 
of non-metallic doping have been carried out and are considered 
promising pathways in the field of visible-responsive photocatalysts. 
However, it could also be said that the field suffers from a great dral of 
confusion as a result of different explanations and, a lack of full 
understanding of the photocatalytic process.
Carbon-doped Ti02 is one of the visible responsive photocatalysts 
in which some of the lattice oxygen atoms are substituted by carbon. This 
substitution causes a lowering of the band gap. Khan et al [5] prepared 
carbon-doped rutile by the controlled combustion of Ti metal in a natural 
gas flame. The optical absorption spectra of the resulting compound
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showed two absorption peaks in the visible region at 440 and 535 nm 
(band gap 2.82 and 2.32 eV, respectively), which indicates there may be 
two different compositions of n-Ti02.x Cx. According to data obtained from 
this paper, this photocatalyst is active in the splitting of water 
stoichiometrically to H2 and 0 2 with a 2:1 ratio. They claimed that the 
maximum photoconversion efficiency is 8.35 %. However, the work has 
been criticised on a number of counts including the lack of evidence for 
the photoactivity of carbon-doped T i02 by visible illumination, and the 
unreasonably high photoconversion efficiency16,7].
Based on Khan's attempt to split water using carbon-doped T i02, 
many studies have investigated the efficiency of photocatalytic water- 
splitting under visible illumination using carbon-doped T i02 prepared by 
hydrocarbon-flame-oxidation methods or spray pyrolysis of an 
organometallic precursor in C 02 / 0 2 [8, 91. They found no photoresponse 
under the desired region of light. Neumann et al. claimed that carbon 
might form defect states in the band gap of T i02, which may be the sites 
of undesirable recombination. It was thought this was reason for the 
reduction of activity of carbon-doped T i02 under UV light compared to the 
undoped T i02 ; they also reported that there was no remarkable activity 
under visible radiationI10].
Park et a l1111 reported that water splitting efficiency over T i02.xCx 
under visible light irradiation ( > 420 nm) was higher than the pure T i02. 
In addition, the presence of oxygen vacancies during the annealing of
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Ti02 in a carbonaceous gas mixture resulted in an increase in the charge 
carrier density1121. Therefore, the formation of oxygen vacancies might be 
the reason for the increased activity, not the presence of carbon[13].
Another dopant that has been reported to narrow the band gap of 
Ti02 (< 3.0 eV) effectively is sulfur. Given its large ionic radius, the 
substitution of sulfur as an anion into the Ti02 lattice requires the more 
energy (4.1 eV) than does the substitution of nitrogen (1.6 eV) [1]. 
Nevertheless, sulfur was doped with anions and cations. Umebayashi et 
al. prepared S-doped Ti02 by oxidation annealing of titanium disulfide 
(TiS2> or by ion implantation followed by thermal annealing[14,15]. In both 
these methods, sulfur was replaced by oxygen, which in turn, shifted the 
absorption band to a higher wavelength (visible region). According to the 
first-principles band calculations1151, the narrowing of the band gap of Ti02 
is a result of mixing of S 3p states with the valance band (VB) and thus 
broadening of the VB. This group proved that this material was able to 
decolour methylene blue solution during visible light illumination.
In contrast, sulfur-cation doped Ti02 was prepared by mixing 
titanium isopropoxide with thiourea [161. Ti4+ was substituted with S4+, 
which was identified by XPS. This material exhibited a high activity in 
some applications under visible light. Additionally, the light absorption of 
S-cation doping was strong, compared to N, C or S-anion doped Ti02. 
Recently, a highly active S-cation doped Ti02 was prepared by an 
attractively simple method, involving, the hydrothermal treatment of a
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solution of TiS2 at a low temperature117].
Nitrogen-doped Ti02 is considered representative of the anion- 
doped photocatalysts. Asahi et al.'s report[11 opened a new gate in the 
world of photocatalysts, as it showed researchers that the doping of T i02 
might form a promising material that absorbs in the visible region light 
and has a significant activity in the photocatalytic reactions and water 
splitting, in particular.
The incorporation of nitrogen in titanium dioxide has been 
achieved by several methods, including chemical and physical synthesis. 
Yates et a l [18] classified those methods into three types:
1- Modification of T i02 by ion bombardment [19_221.
2- Modification of T i02 in the forms of powderI23], films [24], and single 
crystal1251 or TiN[26] via gas phase chemical impregnation.
3- Growth of TiNxOy from liquid[27] and gaseous1281 precursors.
The variation of preparation methods used may lead to a range of 
different N-doped Ti02 compounds, which may be expected to show a 
range of optical and electronic properties. Unfortunately it is difficult to 
make a direct comparison between the results of such studies because of 
the variation of the photocatalysts prepared by these methods in terms of 
the kind of material formed (powder, film, single crystal) and its surface 
area. The variation of the methods used to test the effectiveness of N- 
doped T i02 is another problem since the rates of decomposition of the
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materials are not identical, even if the photocatalysts are identical. This, 
in turn, impedes the ease of comparison. Therefore, it is necessary to 
consider some factors that affect the results of the testing approach, for 
example, the type of sample, the kind of light source, the surface area, 
and the sensitivity of the testing method. It should be noted that the pulse 
laser deposition method (PLD) is of high reproducibility in the preparation 
of crystalline thin films and is among the most widely used techniques 
due to its versatility129,301.
N-doped Ti02 has been intensively investigated experimentally 
and theoretically in an attempt to obtain answers to some important 
questions. Among these is the reason for the shifting of the absorption 
wavelengths towards the visible region of photocatalysts after the doping 
of nitrogen, which is considered one of the most important aspects. Asahi 
has claimed that mixing N 2 p  levels with O 2p formed VB leads to an 
increase in the width of this band and thus a decrease in the energy of 
the band gap 11 •2Ql. However, other studies argue that the interaction of 
nitrogen with titanium dioxide forms localized states in the band gap 
above the VB [31'33].
As well as the existence of such states above VB, other states 
below the conduction band (CB) have been proposed relating to the 
oxygen vacancy formed as a consequence of the doping1341. 
Consequently, it is rational that there is no change from n-Ti02 to p-Ti02 
during N doping. The theoretical studies have demonstrated that there
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are interactions between two such kinds of midgap states since N-states 
reduce the energy formation of oxygen vacancies and the latter increases 
the stability of the former. Scheme 4.1 shows the possibilities for the 
photoexcitation of visible light responsive Ti02 .
a
CB
Scheme 4.1: The possibilities of band gap electronic structure of visible 
light responsive Ti02 . a) undoped TiC^, b) narrowing of band gap of 
anion-doped Ti02 , c) the presence of localized states due to oxygen 
deficient, d) isolated and localized states in band gap due to N doping, 
and e) formation of N and states of oxygen vacancies in the midgap l35].
XPS studies have revealed there are two kinds of nitrogen doping: 
substitutional (400 eV peak) and interstitial (396 eV peak), the latter in 
TiC>2 being assigned to NO[34,361. The positions of their midgap states are 
different, as the interstitial nitrogen states have slightly higher energy 
levels than has the substitutional nitrogen. Solid state NMR (SSNMR),
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studies, have proved that when nitrogen has a high oxidation state, the 
kind of nitrogen in N-doped Ti02 is interstitial[37], but in general, the 
formation of one such kind of nitrogen depends on the preparation 
methods. It is assumed the two kinds are responsible for the absorption 
of visible light.
In general, most studies performed to date have focused on the 
feasibility of nitrogen doping on the photocatalytic activity of Ti02 in visible 
light. Many authors have reported that the activity of Ti02 was improved 
by adding nitrogen under the visible region138, 39]. Table 4.1 shows 
attempts to achieve some photoreactions using N-doped Ti02.
The reduction of photocatalytic activity of Ti02 by N-doping in 
visible light might arise from several reasons. Firstly, oxygen vacancy 
states, which will be formed due to N doping, may act as trapping centres 
of photoelectrons, and thus prevent them reaching the surface where the 
reduction process occurs. Secondly, the trapping of photogenerated 
holes in the midgap states related to the nitrogen reduces their oxidative 
power. Thirdly, the doping of Ti02 may cause lattice distortion and 
weakness of the bonds, which leads to a reduction in the stability of the 
structure118'40).
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Table 4.1: Some photocatalytic reactions over N-doped T i02
(adapted)1351.
Description Photocatalytic activity Preparation method Ref
Absorption onset: 500 
nm; N1s peaks at 396 
eV and 400 eV; 
nitrogen concentration: 
1-1.4 atomic %.
Decompose methylene blue and 
acetaldehyde in visible irradiation, 
with similar activity in UV irradiation 
as non-doped T i0 2.
Sputtering deposition 
in N2 /Ar, Or 
annealing T i0 2 
powders in NH3 at 
873K
[1]
Absorption onset: 600 
nm, N1s peak at 401.3 
eV
Decompose methylene blue in 
solution by visible laser.
Nitriding T i0 2 
nanoparticles with 
triethyl amine. [41]
Absorption onset: 520 
nm; a weak N1s peak 
at 404 eV
Degradation of 4-chlorophenol, 
benzene and acetaldehyde with 
visible light (A>455 nm),
Hydrolyzing TiCI4 in 
water with addition of 
ammonia, post­
annealing at 673 K. [42]
N-substituted for 
oxygen: 0.5-1.9%
Degradation of gaseous 2-propanol 
under visible light; UV light activity 
was weaker for doped samples 
than non-doped. Visible light 
activity was several times lower 
than UV light activity.
Annealing T i0 2 
powders in NH3 [32]
N1s peaks at 399.6 
and 396.7 eV; 
increased absorption 
in the range of 
2.4-3.0 eV.
Photodeposition of Ag from A gN 03 
solution in visible irradiation.
Annealing rutile (110) 
in NH3 at 873 K. [43]
N-substituted for 
oxygen: 2-16.5%; 
photo-response up to 
550 nm.
Degradation of 2-propanol solution 
with visible irradiation; 6% N- 
substitution is the best.
RF Magnetron 
sputtering in N2/Ar [44]
Nitrogen atomic 
concentration: 1.5-5%
No visible light activity for 
degradation of stearic acid 
molecules; weak UV-activity.
Chemical vapor 
deposition in NH3/N2, 
using TiCU and ethyl 
acetate as precursor.
[18]
Most of the studies conducted on anion-doped T i02, have been 
concerned with the degradation or decomposition of some organic 
compounds, (see Table 4.1). Hydrogen production using such 
photocatalysts has received much less attention and there have been few
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attempts to produce hydrogen from water under visible radiation. 
However, since the mixing of the 2p levels of the nitrogen with the 2 p  
levels of the oxygen leads to an upward shift of VB, while CB remains 
unchanged, N-doped Ti02 may have the ability to employ the 
photoexcited electrons in CB in hydrogen production. The oxidative 
power of the photogenerated holes may be reduced, but since the 
potential for oxygen evolution is much less than that of the VB, the 
increase in the width of VB may not affect its oxidation ability145*.
In this chapter, different non-metals doped Ti02 were tested in the 
photocatalytic hydrogen production process.
4.2. The catalysts
4.2.1. The preparation of catalysts
This chapter includes three sets of anion-doped T i02 
photocatalysts. The first set is nitrogen-doped Degussa Ti02 P25. The 
second is nitrogen-doped nanopowder Ti02 anatase (Aldrich 99.7%). 
Both were prepared at the University of Glasgow by Justin Hargreaves, 
as discussed in Chapter 2. The third set of catalysts used in this chapter 
was prepared by Jawaad Darr at University College London. They doped 
nano-Ti02 powder with a high surface area by different atoms (N, Ag or 
Sr). The titania was prepared from titanium (IV) bis (ammonium lactato) 
dihydroxide (TiBALD) using a continuous hydrothermal flow synthesis 
(CHFS). Then the nanopowder Ti02 prepared with an anatase structure
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was nitrided by an NH3 (60%)/Ar(40%) gas flow (200ml/min) for 5 hours 
at 600°C.
To prepare the 2.5% Ag/Ti02 and 2.5% Sr/Ti02, catalysts Darr's 
group used a solution of TiBALD and metal (Ag or Sr) nitrates in the 
CHFS process. To distinguish between the nitrogen doped titania 
samples, they were labelled as follows:
- N-D450, N-D550 and N-D650 represent N-doped Degussa T i02 
annealed at 450, 550 and 650°C under NH:j/Ar gas, respectively.
- N-A450, N-A550 and N-A650 represent N-doped Anatase TiC>2 
annealed at 450, 550 and 650°C under NH3/Ar gas , respectively.
- N-T600 represents Ti02 prepared by CHFS and then nitrided at 600°C 
under NH^Ar gas.
4.2.2. Methodology
All the experiments described in this chapter were carried out in 
a Pyrex flask and in a similar way to those discussed in Chapter 2. Most 
of these experiments were conducted in the gas phase due to the small 
quantities received of the original catalysts, as the standard amounts of 
catalysts used were 0.2 and 0.05g in the liquid and gas phases, 
respectively. The desired amount of catalyst was suspended in 100ml of 
deionised water, or mounted on a glass slide, which was held above 15ml 
of water depending on the kind of phase used; 100 pi methanol was
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added in both cases as the hole scavenging reagent. After purging the 
suspension with argon gas for 30 minutes, the catalyst was irradiated by 
a 400W Xe arc lamp and then the gas phase flask was sampled and 
analysed by GC every 30 minutes.
4.3. Results and discussion
4.3.1. Characterisations of the photocatalysts
4.3.1.1. X-Ray Diffraction (XRD)
Figure 4.1 shows XRD patterns of N-doped Ti02 P25 prepared at 
different temperatures (N-D450, N-D 550, and N-D 650), and compared 
to undoped Ti02 P25. XRD was used to investigate any change that 
might happen in the phase structure of the titania after the doping 
process. As mentioned previously, in many studies [46, 471, the most 
intense peaks of the anatase and rutile phases in Degussa T i02 show at 
20 = 25.25° and 20 = 27.5° respectively. It is apparent that nitrogen 
doping of T i02 P25 did not change its structure phase at 450, 550 and 
650°C, except a new peak at 20 = 43° appeared in N-D650, which is 
attributed to TiN148,49]. XRD analysis did not detect the nitrogen doped in 
the case of N-D450 and N-D550. There are some proposed reasons for 
the absence of the peak assigned to TiN in these samples. Firstly, there 
was the low content of nitrogen introduced in to the titanium oxide.
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Secondly, the nitrogen atoms can exist in either the interstitial or the 
substitutional sites of the Ti02 lattice1501. Finally, the formation of TiN can 
only occur at a temp where Ti30 5 becomes unstable and at this point it 
decomposes to TiO and then TiN[51].
The heat treatment and surface defects are among the factors that 
affect the stability of the structure phase and thus the phase 
transformation from anatase to rutile [52, 53]. With the increase in 
temperature, the bonds and arrangement of atoms are affected; 
therefore, the transition phase from anatase to rutile takes place readily. 
The phase transition from anatase to rutile starts when the temperature 
rises above 600°Cl54]. It was supposed that the doping of T i02 by nitrogen 
would not affect this behaviour[55].
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Figure 4.1: XRD patterns of N-doped T i02 at different annealing temperatures (N-D450, N-D 550, and N-D 650) and of 
undoped T i02.
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The average particle sizes, D, of anatase and rutile for all the 
samples can be calculated by Scherrer's formula, which is shown as
where A is the X-ray wavelength applied and py2 is the half width of the 
most intense peak obtained in the XRD pattern. However, because of 
oxygen effects on the broadening of the peaks, the comparison in this 
case between these samples in terms of the particle sizes was not 
acceptable. For the ratios of anatase to rutile in the catalysts containing 
P25, the percentage of anatase in the P25 sample was calculated by the 
following equation using the XRD data[46' 561:
where IA  and IR  are the intensities of the strongest anatase and rutile 
peaks, respectively. The ratio of anatase in P25, N-D450, N-D550 and N- 
D650 were 81, 82, 84 and 68%, respectively. The transformation of 
anatase to rutile was not clear at 450 and 550 °C. The apparent change 
occurred at 650 °C. This is consistent with the results mentioned in 
previous studies138,571.
Figures 4.2 and 4.3 show XRD patterns of nanopowder Ti02 
anatase before and after doping by nitrogen at 650°C, respectively. It was 
noticed that there was no change in the structure of anatase with
follows:
0.9 A
p 1A  cos O
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annealing at 450 and 550°C during doping by nitrogen, as seen in the 
case of N-D450 and N-D550. At 650°C, the peak at 43°C related to TiN 
was observed as in N-D650.
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Figure 4.2: XRD pattern of N-nanopowder anatase.
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Figure 4.3: XRD pattern of N-A650.
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Darr et al.[58] characterised N-Ti02 annealed at different 
temperatures and found that TiN started forming above 700°C. The 
conversion of all the nanosized TiC>2 to cubic TiN was completed at 
1000°C. According to the XRD patterns in their work, there was no peak 
of TiN observed in the case of N-T600. This is different to what happened 
in the case of N-D650 and N-A650, even though the nitridation processes 
undertaken were similar. Many factors might cause this difference, such 
as the precursor used, the surface area of the sample, and the time and 
rate of exposure of titania to the ammonia flow. The crystallite size of 
nanoparticles TiC>2 (estimated from XRD by Scherrer Equation) increased 
during nitriding as a result of agglomeration since the crystalline size of 
nano-Ti02 is 5 and increases to 42 nm at 600°C.
For Ag/Ti02 and Sr/Ti02, the same researchers above found that 
the XRD pattern revealed only the anatase phase structure, no peak for 
Ag or Sr metals observed. This may be ascribed to the small particle size 
of these metals in the sample, as the minimum limit of XRD detection for 
any crystallite metal is around 5nm[69]. In addition to the particle size, the 
low content of metals affects the exhibiting of their peaks in the XRD 
pattern.
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4.3.1.2. Specific Surface Area BET
BET surface areas of N-doped Ti02 anatase samples were 
measured and compared with those of undoped anatase shown in Table
4.2. The higher annealing temperatures during the preparation of N- 
doped anatase lowered their BET surface area significantly. This 
happened owing to the agglomeration of particles to make larger 
particles. In contrast, BET surface areas of N-doped P25 catalysts, 
(shown in the same table) did not change significantly. That means P25 is 
stable during doping. According to that, the change of BET surface area 
of these catalysts does not depends only on the annealing conditions, but 
also on the kind of precursor used[23,60].
Table 4.2: The BET surface area of undoped and N-doped Ti02 (anatase 
and P25).
Samples Sbet (m 2/g )
Undoped P25 50
N-D450 48
N-D550 55
N-D650 57
Undoped Anatase 190
N-A450 131
N-A550 96
N-A650 71
N-T600 35
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For N-T600, the adverse impact of heating on BET surface area 
was clearly drastic in this case, as there was a large difference between 
nanopowder T i02 prepared by CHFS ( 290m2/g ) and N-T600 (35m2/g)l58].
Ag/Ti02 and Sr/Ti02 have large surface areas (259 and 237m2/g, 
respectively) compared with all the photocatalysts used in this project. 
CHFS is clearly a useful method for making photocatalysts with a high 
surface area.
4.3.1.3. Scanning Electron Microscopy (SEM)
SEM showed the changes caused by increasing the temperature 
and nitrogen doping characterised N-doped Ti02 samples. Figures 4.4 
and 4.5 show SEM images of nanoparticles of anatase and P25, 
respectively, before and after doping at 450, 550 and 650°C. It is difficult 
to identify any relationship between the effect of heating and the 
morphology of these materials; the BET area suggests that analyse 
samples at least should have agglomerated with the increase in 
temperatures. It appears that the effect of heating affects the morphology 
at a lower scale than is measured here. However, the P25 has an 
irregular shape and exists as a large cluster, while nanopowder anatase 
has a more definite shape than has P25.
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Figure 4.4: SEM images of a) undoped anatase, b) N-A450, c) N-A550 
and d) N-A650.
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Figure 4.5: SEM images of a) undoped P25, b) N-D450, c) N-D550 and 
d) N-D650.
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4.3.2. The photocatalytic activity of nitrogen doped titania catalysts.
None of the materials described previously showed any 
photocatalytic activity in UV light as it was found that no hydrogen was 
produced by illuminating N-doped titania suspended with water alone or 
with a water/methanol mixture. To enhance their activity, pd was added to 
the catalysts and investigated in an attempt to inhibit the recombination 
process, but this does not necessarily mean that all metals had a positive 
effect on the activity1611.
0.5% palladium was loaded on N-P25 by the same method as 
mentioned in Chapter 3. The amount of hydrogen produced was 
compared with the standard run in our work (0.5 %  Pd/Ti02 P25 in liquid 
phase). Figure 4.6 shows that the standard reaction was more than twice 
as active as the N-doped P25. After three hours, 0.5% Pd/N-D450 and 
0.5%Pd/N-D550 had generated 4ml and 3.5 ml of hydrogen, respectively. 
However, 0.5% Pd/N-D650 produced only 1.5ml of hydrogen.
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Figure 4.6: Hydrogen production over 0.5% Pd loaded on P25, N-P25, N- 
anatase or N-Ti02 (CHFS).
As seen in section 4.3.1.1, nitrogen doping of P25 did not change 
its phase structure at each temperature. Additionally, BET surface areas 
of P25 before and after doping were almost the same. Nonetheless, their 
photocatalytic activities were all different except for Pd/N-D450 and Pd/N- 
D550, which have a similar level of activity as that for reforming methanol 
to H2 and C 02. The reasons for the decrease in activity after doping may 
be limited to two factors: the heat treatment and the nitrogen doping, 
which may change the mechanism of reforming methanol. As mentioned 
previously, the formation of midgap nitrogen states is accompanied by the 
creation of oxygen vacancies below CB. These vacancies may act as 
recombination sites of photogenerated electrons and holes.
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Since the flow rates and the nitridation times were the same in the 
preparation of all N-doped P25 samples, the nitrogen content may have 
an effect on their photocatalytic production hydrogen activities. According 
to the previous analogous studies [38,62], it was found that the increase in 
heating temperatures caused a decrease in the content of nitrogen 
doping, which in turn, affects hydrogen production activity. This was in 
agreement with our results, as N-D450 > N-D550 »  N-D650 in H2 
evolution activity, but unfortunately, their efficiencies were still lower than 
of that of Pd7Ti02.
On the other hand, Yuan et al.t38] investigated the effect of the 
calcination temperature on the activity of N-doped T i02 (synthesized 
anatase) in water splitting in the presence of Na2S 04 as a hole 
scavenger. This effect was interpreted based on the phase transformation 
from anatase to rutile. On the basis of the positions of the conduction 
band of these phases, the potential of CB is higher than that of H+/H2 in 
the case of anatase and nearly matches that of the rutile phase. 
However, the band gap of anatase (3.2) is larger than that of rutile (3.0) 
making rutile the preferred option in water reduction. Accordingly, the 
combination of the properties of anatase and rutile represented in 
Degussa P25 resulted in higher activity. Hence, it was proposed that the 
transformation of anatase to rutile might partly enhance the activity. This 
explanation is quite plausible when Pd/N-D650 is compared with Pd/N- 
A650, producing 1.7ml and 1ml of hydrogen respectively after four hours; 
even with BET surface area of N-A650 being greater than that of N-D650.
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Regarding nitrogen-doped Ti02 prepared by CHFS, its activity in 
hydrogen production after Pd loading was lower than that of Pd/N-D450 
and Pd/N-D550 though higher than that of Pd/N-D650. This difference 
may be ascribed to the phase form of Ti02, as it is noticeable that N-T600 
in the anatase phase only. At the same time, its BET surface area being 
higher than that of N-A650 would be expected to make its reactivity 
higher despite titania being formed from one phase (anatase). If the 
catalysts are compared on the basis of reactivity per unit area, N-T600 is 
the worst performing. However, it is not clear that the N2 measured area 
is relevant here since the light cannot reach all of the surface.
Similar to what has been said about Pt/N-Ti021591, the general 
mechanism of hydrogen production over Pd/N-Ti02 can be explained as 
follows:
When Pd/N-Ti02 was irradiated using a Xe lamp, a 
photogenerated electron and hole were produced. Pd loading of N-Ti02 
enhanced the separation between these charge carriers. Regardless of 
the source of the photoinduced electrons, that is, whether from VB of Ti02 
or nitrogen midgap levels, these electrons were trapped by Pd and, 
reacted with the hydrogen ions to produce hydrogen gas, while methanol 
molecules adsorbed on the surface of Ti02 as electron scavengers 
consumed the photogenerated holes located in VB.
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4.3.3. Mixing N-P25 with PdCI2 in the solution
The effect of physically mixing N-doped titania with palladium 
solution was investigated to clarify more the interactions between the 
palladium and the modified supports.
0.2 g of N-D450, N-D550 or N-D650 were irradiated with 1.5 ml of 
a solution of PdCI2 (3.7 mM), 100ml of deionised water and 100pl of 
methanol. Samples were taken from the gas phase every 30 minutes and 
analysed to detect any H2 produced. The results are plotted in Figure 4.7. 
Table 4.3 summarizes the rates of hydrogen production over N-P25 after 
either loading or mixing with PdCI2 in the solution to make a comparison.
Under the same conditions, N-D450 mixed with PdCI2 still had a 
higher H2 production than others did, as seen in Pd/N-D450. For N- 
D550+PdCI2, the rate of production was less. There was no hydrogen 
produced at all in the case of N-D650+PdCI2. However, when undoped 
P25 was mixed with PdCI2, it gave a higher rate than nitrogen doped P25 
in the same experiment.
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Figure 4.7: Hydrogen produced from mixing N-P25 with PdCI2 in the 
solution.
Table 4.3: H2 production rates of the photocatalysts.
Photocatalyst
Rate (the slope) 
pl/min
0.5% Pd/P25 47.7
0.5% Pd/N-D450 20.3
0.5% Pd/N-D550 18.8
0.5% Pd/N-D650 7.4
0.5% Pd/N-T600 11.3
0.5% Pd/N-A650 4.2
N-D450+PdCI2 17.8
N-D550+PdCI2 1.8
N-D650+PdCI2 0
P25+PdCI2 24.3
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In previous work by Bowker's group1631, the physical interactions 
between PCI/AI2O3 and Ti02 in the reaction mixture produced hydrogen, 
though less than was produced with Pd/Ti02. It was suggested that 
hydrogen was produced due to the agglomeration of Pd/AI203 and TiC>2 
inducing a contact area between the photocatalyst (Ti02) and metal as in 
Pd/Ti02 but to a much lesser extent. This is thought reasonable in our 
case, as the contact area formed allowed the charge transformations and 
thus electron-hole separation. Furthermore, Higashimoto1641 reported that 
platinum chloride from aqueous solutions of H2PtCl6 or PtCU was readily 
adsorbed on the surface of TiC>2, which was as Ti—OH, forming Ti—O—  
PdClx. Such a strong interaction had a clear effect on the activity of the 
degradation of acetic acid over PtClx/N-Ti02, which was higher than either 
N-Ti02 or Pt/Ti02. According to this study, palladium chloride might 
exhibit the same behaviour, making it active in H2 production, but with a 
lower activity rate than Pd/Ti02. Further investigation is required to clarify 
the interpretation of the difference between these reaction rates.
4.3.4. Hydrogen production over Ag/Ti02 and Sr/Ti02.
The activities of Ag/Ti02 or Sr/Ti02 in hydrogen production were 
investigated; 50mg of the catalysts were mounted on a glass slide held 
above 15ml of deionised water and 100pl of methanol. The amount of 
hydrogen produced is plotted against the time in Figure 4.8.
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Figure 4.8: Hydrogen production over Pd/P25, Ag/Ti02, Sr/Ti02 and Ti02 
alone doped.
This figure shows that the activity of Ag/Ti02 was more than twice 
as high as that of Sr/Ti02 but both were much lower than the standard 
catalyst in this project (0.5% Pd/Ti02 P25). In fact, the amount of H2 
produced over Ti02 (P25) alone in the presence of methanol is similar to 
that produced by Sr/Ti02. The requirements of such photocatalysts to be 
active were provided, such as the high surface areas and small particles 
size; however, their activity was low. Interestingly, the loading of Pd on 
these catalysts did not result in any change in their activity rates. It seams
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likely that the Ag and Sr in this case are acting as recombination centres 
and thus prevent the e' reaching the Pd to further reactions.
Many studies have suggested that silver doping of Ti02 promotes 
the photocatalytic activity of different reactions, such as the 
photodegradation of methylene blue1651, and the photodegradation of 
gaseous acetaldehyde1471 and of methyl orange (MO)[66]. Several methods 
and Ti02 precursors were used in these reactions.
Given that the radius of the silver ion is larger than Ti4+, it is 
expected found that Ag+ replaced Ti4+ in substitutional sites only, not in 
interstitial sites 167 68]. Besides, because the charge value of the silver ion 
is less than of that of Ti4+, the incorporation of the silver ion into Ti02 
leads to the formation of oxygen vacancies1691, which play a role in the 
separation of photogenerated electrons and holes by trapping, thus 
affecting the efficiency of the photoreaction. This factor may be expected 
to make doped T1O2 more active than undoped Ti02.
On the other hand, XPS detected both Ag° and Ag+. The presence 
of these chemical states enhances the process of the charges separation. 
The following equations illustrate that silver ion doped can be reduced 
and oxidized during the photoreaction[47]:
Ti02 + h v ----------- ► e* + h+ (4-1)
Ag+ + e  ► Ag° (4-2)
Ag° + h+  ► Ag+ (4-3)
148
Chapter four Hydrogen production over non-metal doped TiQ2
In contrast, such metal ions act as trapping sites of charge carriers 
since these kinds of ions make localised d- levels deep in the band gap of 
Ti02 , which, in turn, affect the redox reactions over these materials.
The doping of Ti02 by alkaline earth metals, such as Mg2+, Ba2+ 
and Sr2+, can promote the photocatalytic reactions more than pure Ti02. 
XRD and FT-IR studies have proved the effect of the incorporation of 
Mg2+ and Ba2+[70]. According to such ions' radii, Mg+2 can be deposited 
substitutionally or interstitially, as its ionic radius is larger than Ti4* but 
smaller than 0 2\  In contrast, Ba2* has an ionic radius that is much larger 
than a titanium ion, so it was deposited on the surface of TiC>2 as BaC03. 
The doping of such metal ions enhances the adsorption of the species 
being degraded and also leads to a reduction in the particle sizes of Ti02 , 
thus increasing the efficiency of some photocatalytic reactions. Based on 
this study, it is expected that Sr2* doping may be similar to Ba2* (1.41 A) 
since its ionic radius (1.32 A) is close to Ba2*.
4.4 Conclusion
In this Chapter, nitrogen doped on different photoactive supports 
(P25, nanopowder anatase or TiC>2 [anatase] prepared by CHFS) were 
prepared at different temperatures and characterized by XRD, BET 
surface area and SEM. The XRD technique did not detect the nitrogen 
except at the highest temperature as TiN was formed. Similar results 
were obtained in the case of cationic (Ag and Sr) doping which may be
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ascribed to the small particle size of metals or their low contents. For BET 
surface areas of these catalysts, the temperature has a different effect on 
the surface areas, depending on the kind of Ti02. It was shown that BET 
surface areas of P25 were the same before and after nitrogen doping at 
the three different temperatures. In the case of nanopowder anatase, 
their surface areas decreased with increasing the temperature which may 
be attributed to the agglomeration. N-T600 has a small surface area. In 
contrast, Ag/Ti02 and Sr/Ti02 prepared by CHFS have surface areas 
larger than all the catalysts mentioned in this work. SEM techniques did 
not provide any information on any aspect to distinguish between the 
samples.
The activities of all these catalysts in the presence of methanol 
were much less than 0.5% Pd/Ti02, but they do absorb light under the 
visible region. However, the hydrogen production rate over Pd loaded N- 
D450 > N-D550 > N-T600 > N-D650 > N-A650. Without Pd loading and/or 
without methanol, no hydrogen was detected over these catalysts. The 
hydrogen produced in the presence of Ag/Ti02 and Sr/Ti02 was small 
compared to Pd/Ti02 as well. The low activity of these catalysts was 
ascribed to that the non-metal doped may be act as a recombination 
centers for photogenerated electrons and holes. Even though Pd loading 
over these catalysts enhanced their activities in term of hydrogen 
production, their rates were still more less than the standard catalyst 
(0.5% Pdfi"i02). The Pd content may be not the optimum loading for 
these catalysts.
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CHAPTER FIVE
Water splitting and back
reaction
Chapter five water splitting and back reaction
5.1 Introduction
The need to generate hydrogen as a fuel for electricity and 
transportation has increased due to the depletion of fossil fuels and global 
environmental problems. Most of the hydrogen while is produced is from 
non-renewable sources from which carbon dioxide is also generated. So, 
scientists have been trying to explore and develop alternative methods to 
produce clean hydrogen. The splitting of water as an inexhaustible source 
to produce hydrogen and oxygen, by the use of sunlight is among the 
promising methods. Photocatalysis was employed to achieve this goal as 
mentioned previously in chapter one.
The photocatalytic splitting of pure water into hydrogen and 
oxygen stoichiometrically is an uphill reaction:
H20   ► H2 + 1/ 20 2 AG = 273 kJ/mol
This reaction is of great interest due to the storage of solar energy 
and its conversion to clean hydrogen fuel. As mentioned in Chapter One, 
this reaction involves two electrons as each electron corresponds to 1.23 
eV/e which is also the standard electromotive force. Moreover, the 
enthalpy change (AH) of this reaction is 2.96 eV and therefore the 
wavelength of the photon to split the water must be equal to or less than 
420 nm. Because water absorbs only in the low UV region (>.<200 nm),
157
Chapter five water splitting and back reaction
photocatalysis could possibly be used to convert the light energy and 
employ it for water splitting. Photocatalysis could also help to overcome 
the kinetic energy barrier which is greater than the thermodynamic value 
(237.2 kJ/mol). According to Born-Haber cycle for the water dissociation, 
the initial step in the H20  splitting process is the breakdown of the H— OH 
bond which requires 494.8 kJ/mol as shown in figure 5.1.
Energy /kJ/mol 
▲
68 1 .4  -
255.1 -
0 -
- 2 3 9 . 7 -
0(g) + 2H(g)
4 2 6 .3  kJ/mol
OH(g) + H(g)
4 9 4 .8  kJ/mol
H 2 O 0 )
- 433.7 kJ/mol
t
0(g) + H2(g)
I - 247.7 kJ/mol 
1/202(g) + H2(g)
Figure 5.1: Born-Haber cycle for water dissociation into hydrogen and 
oxygen.
Hence, significant efforts have been made to meet all the 
requirements necessary to split water into its components
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stoichiometrically with high efficiency. The materials used to accomplish 
this reaction should be able to cause photoabsorption, which is the initial 
step in the photocatalytic reaction. The next process is the separation of 
photogenerated charge carriers and migration to the surface where H2 
and O2 form. This process is affected by the extent of the purity of the 
photocatalyst because some impurities act as recombination sites. The 
final step in water photolysis is the employment of photogenerated 
electrons and holes in H2 and O2 generation, respectively.
Without any doubt, photocatalysis succeeds in the field of water 
and air purification with high efficiency11 2]. In such reactions, the position 
of VB is more important than that of CB, as the conversion of 
contaminants occurs by holes located in VB. In contrast, the 
photoproduction of hydrogen depends strongly on the potential value of 
CB of photocatalysts, which should be more negative than that of 
hydrogen ion reduction. In fact, the big challenge is splitting pure water by 
sunlight in the presence of photostable materials prepared by a simple 
method with a high quantum yield of hydrogen produced. Although there 
are many photocatalysts that split water133, most of them do so with low 
efficiency, or the quantities of hydrogen produced are not economically 
viable.
The photoelectrochemical cell (PEC) is one of the systems which 
is capable to split the water into hydrogen and oxygen by converting the 
light energy to electricity. The Gratzel cell is a photoelectrical solar cell
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which was developed in an attempt to produce hydrogen more efficiently 
using low cost materials and simple design. In the Gratzel cell, a wide 
band gap semiconductor such as TiC>2 was coated by a monolayer of a 
charge transfer dye to absorb the light rather than the photocatalyst. The 
charge carriers (e*/h+) separation was accomplished by injecting the 
electron from the dye in to the semiconductor. The conversion yield of 
solar energy to electrical energy was ~8 % in simulated solar light14,5].
For the type of photocatalytic system of water splitting, 
heterogeneous catalytic systems are preferred to photoelectrochemical 
cells (PEC) due to the ease of use and construction. Moreover, powdered 
photocatalysts are used rather than the single crystals required in some 
PEC cells, which are difficult to prepare. Yet, the back reaction is one of 
the big problems in such systems, as the H2 and 0 2 evolved can 
recombine to form H20  again in an exothermic process161, as can be seen 
in figure 5.1.
Anpo et al[7] designed a photocatalytic cell to investigate the H2-0 2 
separation evolving from water decomposition as shown in figure 5.2. In 
this H-type glass container, a T i02 thin film was mounted on Ti foil on one 
side and Pt particles on the other side. The foil is placed in the centre of 
this container which separates it to two parts; one is for hydrogen 
evolution and the other is for oxygen. In addition to the photocatalyst, the 
device contains Nafion which connected between the two parts and 
allows the proton transfer as well. However, in fact, the hydrogen and
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oxygen were not produced from pure water splitting, but from NaOH and 
H2S 04 solution, respectively.
Ti foil substrate
m mm
Pt particle TiO-thin film
Nafion film
h v
Figure 5.2: H-type glass container for H2 and 0 2 separation.
Since the innovative work of Honda and Fujishima[8), numerous 
photocatalysts with different levels of activity in water decomposition 
under UV and visible light have been prepared and tested. Most attempts 
to promote the efficiency of hydrogen production by water splitting have 
focused either on chemical additives 19-111 or the modification of the 
photocatalyst itself [12‘15]. As seen in Chapter Three, the addition of hole 
scavengers, such as methanol, enhances the rate of hydrogen production 
significantly, while in Chapter Four, the doping of titania by cationic or
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anionic dopants gives more hydrogen than does the bare T1O2. This 
chapter is focused on the photodecomposition of water alone on different 
photocatalysts without the addition of methanol. Though methanol is 
more easily oxidized than is water, the hydrogen production systems 
including methanol are not viable on a large scale. Also, it is not 
sustainable as methanol is made from fossil fuels and ends up as CO2 in 
the atmosphere.
The efficiency of H2 and O2 production depends on the position of 
the CB and the VB of semiconductor oxides. Modification of the 
photocatalyst aims to shift the position of the CB to be more negative to 
reduce H2O to H2 and to shift the VB toward less positive potentials to 
oxidize H20  to O2 easily. Many semiconductor oxides have the CB close 
to the potential value of hydrogen reduction and the VB very far from H20  
oxidation to O2.
Pure water splitting was investigated over K4Nb60i7, Sr2Nb207, 
KTaOs NaTaOs, and NaTaC>3: La. This extensive study [16] revealed that 
all these catalysts have activity towards the photodecomposition of water 
into H2 and 0 2 when Au particles were deposited. The most effective 
catalyst was NaTaOs:La, as the rates of H2 and O2 evolution over 
unloaded were 404 and 187 pmol/h, respectively. After 1% Au 
photodeposition, the rates increased by five times to 1950 and 880 
pmol/h in the first hours and then decreased gradually. It was found that 
the reason of this deactivation was the photoreduction of O2 on Au by
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photogenerated electrons, not to the back reaction between H2 and O2. 
This result was proved by introducing oxygen gas before the 
photocatalytic reaction. As a result of that the activity of Au/ NaTa03 :La in 
the presence of O2 is much smaller than of that in the absence of oxygen 
gas. In another hand, it was found the rates of hydrogen and oxygen 
consumption over this catalyst was negligible.
NiO-SrTi03 was among the photocatalysts that succeeded in the 
photodecomposition of water alone to H2 and O2 by 2:1, even though the 
illumination of NiO and SrTiOa alone failed to evolve hydrogen or 
oxygen[17]. The enhancement of water splitting by NiO cocatalysis was 
proved by another experiment. The rate of water splitting over NiO- 
Sr4Ti30 io was considerably higher than the water splitting before NiO 
loading [18].
The photodecomposition of water over Pt/Bi2lnNb07 was 
investigated and compared with Pt/Ti02 (P25) and the rates at which 
hydrogen was evolved were 1.5 and 0.7 pmol/h, respectively. Oxygen 
was not observed over either catalyst1191.
Sayama et al.[20] claimed that when P t-W 03 was mixed with Pt- 
SrTi03 (Cr-Ta-doped) in an Nal aqueous solution, H2 and O2 evolved 
simultaneously. This was the first semiconductor absorbing under visible 
light that could split water into its components but with low quantum 
efficiency (QE) (0.1%), while Zou and Arakawa demonstrated that the
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decomposition of pure water into its components (molar ratio 2) took 
place over new photocatalysts (NiOx or RuCVIoaded lni-xNixTa04) 
absorbing under visible light, but with QE 0.66%[191.
In this chapter, the decomposition of water alone was attempted 
over Pd/Ti02, Au/Ti02 and Ti02. In addition, nitrogen, Ag and Sr doped 
Ti0 2 , absorbing in the visible region, were employed in this reaction.
5.2. Results and discussion
5.2.1. Water splitting over Pd/Ti02 and Au/Ti02
Figure 5.3 shows the amounts of hydrogen produced over 
unloaded Degussa T i0 2 P25 and loaded by gold and palladium in the 
liquid phase. 0.2 g of Ti02, 2% Au/Ti02 and 0.5 % Pd/Ti02 prepared as 
mentioned in Chapter Two were suspended in 100 ml deionised water 
only. The optimum loadings of Au and Pd for methanol photoreforming as 
proved in Greaves' work1211 and Chapter Three, respectively, were used to 
compare their activities in terms of decomposition of pure water. This 
figure shows the different behaviors of these catalysts in hydrogen 
production. In general, the efficiency of the decomposition of water was 
very low, compared to that in the presence of methanol. Another point to 
be noted is that the volume of hydrogen evolved increased continuously 
with the irradiation time in the case of Au/Ti02. However, it was shown
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that the increase of hydrogen volume over Pd/Ti0 2  was only in the initial 
minutes and it then decreased gradually. T 1O2 produced very small 
amounts of hydrogen. The final amount of hydrogen produced after three 
hours showed that Au/Ti02 was much more active than Pd/TiC>2 in the 
absence of methanol. In addition, the amount of H2 evolved over Pd/TiC>2 
was double that evolved over TiC>2 . However, note that no oxygen was 
evolved; and so that, whatever reaction is involved, it is probably not 
water splitting.
0.25 n
Au/Ti02
Pd/Ti02
Ti02
E
c
<D
U)
o
■o 0.1  
X
o
<D
E3
§
<i>.c
h- 100 15050 2000
Time min.
Figure 5.3: The hydrogen production from water splitting over TiC^, 
Pd/TiC>2 and Au/Ti02.
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Several studies were conducted over Pt loaded Ti02. These 
studies differ in the metal loading method or in the nature of the Ti02 
itself. It was found that no hydrogen was detected over Pt/TiC>2, prepared 
by single step sol-gel (SSSG), incipient wetness impregnation (IWI) and 
photochemical deposition (PCD) methods, in water alone1223
The amount of hydrogen produced over Pd/Ti02 was much greater 
than that produced over Au/Ti02 and unloaded Ti02 in the presence of 
methanol, as seen in sections 3.2.9 and 4.3.4, respectively. However, the 
results here, in the absence of methanol, were the opposite of that in the 
case of methanol photoreforming over these catalysts as more hydrogen 
was produced over Au/Ti02 than over Pd/Ti02. The following may be 
possible causes for the reduction of the photocatalytic activity of these 
catalysts for water splitting in the absence of sacrificial donors:
1) There may be active sites for the competitive and reverse reaction of 
water decomposition as the H2 and O2 formed recombine.
3) A different species, such as H2O2 may be generated.
4) 0 2 formed may be photoadsorbed on T i02.
In the metal-loaded photocatalyst, photogenerated electrons 
transfer from T i02 to the loaded metal, thus enhancing the 
photogenerated electrons and holes separation. ESR studies proved this 
idea by comparing the intensity of the Ti+3 signal with the irradiation time 
before and after loading, as Ti+3 may be formed because of
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photogenerated electrons being trapped by Ti+4[23]. This process 
increases the photocatalytic activity of Ti02 [24'27]. Thus metal (Pd and 
gold) loaded Ti02 were more active than T i02 alone.
There are few studies regarding oxygen evolution from the splitting 
of water over loaded or unloaded semiconductor oxides[28,291 but most of 
the studies, which were conducted on Pt/TiC>2, gave results similar to 
those over Au/Ti02 and Pd/Ti02. None of these catalysts could split 
water into hydrogen and oxygen stoichiometrically and only hydrogen 
was observed.
The mechanism of hydrogen production over metal loaded Ti02 
can be proposed on the light of previous studies13,30,31]. Water adsorbs 
dissociatively as hydroxide and hydrogen. The hydrogen transfers to the 
metal forming half a mole of hydrogen. When the catalyst is irradiated, 
the O-H bond breaks by the excited electron forming hydrogen and O'. 
The hydrogen migrates to metal releasing another half a mole of 
hydrogen while electron on O' may fill the hole in VB and then the oxygen 
atom migrates to the bulk of Ti02. If the catalyst is Ti02 alone, these 
reactions are very slowly.
The oxygen formed may be chemisorbed as 0 2 on the surface of 
Ti02 and can be converted to physisorbed as O2 by photogenerated 
holes trapped as OH radicals [19,32]. In addition, a peroxide species can
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be formed from O2 adsorbed. Most of the O2 photogenerated at the 
T i0 2/water interface preferred to be adsorbed on Ti02 to free oxygen in 
the water bulk 133 341.
Some authors attribute the problem to the reverse reaction, which 
means that H2 and O2 react on the metal surface to form H2O. Such a 
reaction occurring on a metal surface is considered among the most 
frequent problems causing a reduction in the apparent photocatalytic 
activity. The formation of H20  from H2 and O2 gases over metal is 
preferred thermodynamically at room temperature under atmospheric 
pressure as AG < 0. In the presence of sacrificial reagents, the back 
reaction is inhibited because the oxygen is removed by oxidation of the 
sacrificial agent[30 35_37].
5.2.2. The back reaction: oxygen hydrogenation
To clarify the difference between Au/Ti02, Pd/Ti02 and Ti02 in 
terms of the ease with which the back reaction takes place, the rate of 
hydrogen consumption was measured after introducing of O2 to a 
methanol photoreforming reaction mix. 0.2 g of Au/Ti02 or Pd/Ti02 were 
suspended in 100 ml of water and 100 pi methanol. After 60 minutes, the 
lamp was switched off and 2 ml of O2 was injected; as shown in Figure 
5.4, the reaction of H2 with 0 2 over Pd/TiC>2 took place more easily than 
the reaction over Au/Ti02. The hydrogen produced was consumed
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completely after 2.5 hours in the case of Pd/Ti02. In contrast, just 38% of 
the hydrogen produced was consumed over Au/TiC>2 in the same period.
coo>
oI—
£
X
o
<D
ED
o>
o
2.5
Light off, 0;
Pd/Ti02
Ti02
2
1.5
1
0
120 150 180 210 2400 30 60 90
Time min.
Figure 5.4: The effect of oxygen over Pd/Ti02, Au/Ti02 and T i02 in the 
absence of light.
For a similar experiment on T i02 alone, hydrogen was loaded into 
the reactor first, and figure 5.4 shows also the effect of oxygen injection. 
There is little evidence of any effect of 0 2.
Clearly, the catalytic activity of Pd »  Au for the back reaction in 
the dark. This may be attributed to the strong affinity of Pd for oxygen 
compared to Au. Hence, the back reaction might be not mainly 
responsible of the extent of photocatalytic activity of these catalysts since 
Pd/TiC>2 was more than Au/TiC>2 in terms of hydrogen production. So, the
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electron-hole recombination might have an effect more than the back 
reaction on the photocatalytic hydrogen production over these catalysts.
Millard[381 reported that the hydrogen production rate from 
methanol reforming was retarded over 0.5% Pd/TiC>2 after introducing 
oxygen in the presence of light as shown in figure 5.5. The plot of 
hydrogen volume dropped ~2 ml when 0 2 was injected and then 
hydrogen was produced once again as before. It was suggested that 
water was formed from its components (H2 and 0 2), and H2 production 
resumed when Au, the 0 2 was consumed. The same experiment was 
done but N2 was injected rather than 0 2 to rule out the effect of dilution. 
That means that H2 and 0 2 recombination over Pd/Ti02 is easy 
regardless of whatever the light is on or off.
6000 n
4000-
Injected 1ml N
O ?000 - approx. 2 ml oxygen
nitrogen
1000 -
100 150 200 250 300 3500 50 400
Time I  mlns
Figure 5.5: The effect of oxygen on H2 production over Pd/Ti02 in the 
presence of light.
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The hydrogen oxidation reaction over AU/T1O2 in the presence of 
light was investigated in more detail. Figure 5.6 displays the analysis of 
hydrogen and oxygen by GC. 100 ml of deionized water and 100 pi 
methanol were stirred with 0.2 g of 2 % Au/TiC>2 . The graph was divided 
into 4 regions as this study was conducted at different conditions. These 
regions were represented as follows:
(A) Hydrogen production in the presence of light before 0 2 injection.
(B) Hydrogen production after switching the lamp off and injecting ~2 
ml of 0 2.
(C) Injecting ~2 ml more of 0 2 at the same condition as above.
(D)Switching the lamp on again.
4
H2
023.5
3
2.5
2
1.5
1
0.5
0
150 200 25050 100 300 350 4000
Tim e min.
Figure 5.6: The effect of 0 2 on hydrogen production over Au/Ti02 in the 
presence of light.
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Hydrogen increases with irradiation time in peak (A) as usual, 
when the light is switched off, there is no further H2 production. When 2 
ml of oxygen is injected, the hydrogen level is unchanged. This behavior 
proves that the reaction between hydrogen and oxygen in the absence of 
light over Au/Ti02 is very slow. However, when irradiation is restarted (D), 
O2 decreases and the amount of hydrogen remains approximately 
constant. After all the injected O2 had been consumed, H2 increases 
again. In the early part of D hydrogen is being produced, but is consumed 
by photoreaction with 0 2 at a similar part.
It was found that the behavior of Ti02 alone in terms of the back 
reaction was different (figure 5.7). 2 ml of hydrogen was injected and then 
the oxygen after 150 mins. The decrease of hydrogen volume was the 
same whether the lamp was off or on and decreases at a much slower 
rate than that shown in part D of figure 5.6. Thus in the latter case, the 
presence of Au enhances the photocatalytic H2-O2 reaction.
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Figure 5.7: The effect of oxygen over bare T i02 in the absence and 
presence of light.
5.2.3. The effect in Ag and Sr and doped T i0 2 in water photolysis
Ag7Ti02 and Sr/Ti02 were discussed in Chapter four in terms of 
their preparation, characterization and activities in hydrogen production 
from methanol reforming. It was found that the amount of hydrogen 
production over Ag/Ti02 was double that over Sr/Ti02 in the presence of 
methanol. Nevertheless, they were still less active than 0.5 Pd/Ti02 P25 
(the standard reaction in this project). The activities of these catalysts 
were investigated in water photolysis without any of the donors that inhibit 
the back reaction, as discussed earlier. This study was carried out as gas 
phase reaction because these catalysts were available in small
—i
400
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quantities. 50 mg of Ag/Ti02 or Sr/Ti02, supplied by Jawwad Darr at 
University College London, was mounted on the slide held above 15 ml of 
deionised water. 0.2 ml of the gaseous products was taken and analysed 
every 30 min by GC.
0.35 -
Ti02 P25
0.15 -
jo  0.05 -
0 50 100 150 200
Time min.
Figure 5.8: Hydrogen production over Ag/Ti02, Sr/Ti02 and P25 in gas 
phase.
Figure 5.8 illustrates the activity of the catalysts and compares it 
with the activity of T i02 P25 in gas phase in terms of the photolysis of 
water. Here, the rate of hydrogen produced over Sr/Ti02 was more 
Ag/T i02 in contrast to the reforming of methanol over the same catalysts, 
even though small quantities of hydrogen are produced in both cases.
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Moreover, the activities of Ag/Ti02 and Sr/TiC>2 were much larger than 
that of Degussa Ti02 P25 in water splitting. Again, no oxygen was 
produced.
During the catalysts preparation, byproduct ammonium lactate 
may be formed on the surface of these catalysts. Mochel et al[39] found 
that ammonium lactate was formed as an adsorbed layer on the surface 
of titania prepared from the thermohydrolysis of bis (ammonium lactate) 
titanium dihydroxide as a precursor. Because of that, the hydrogen 
produced over these catalysts may not be the result of water photolysis, 
but from the photodecopmostion of that organic compound or some 
combination of both.
5.3. Conclusion
The rate of hydrogen production over Pd/Ti02, Au/Ti02 and Ti02 
was very low in terms of water photolysis. Oxygen was not detected over 
any of the catalysts used.
The evolution of hydrogen may be inhibited by some undesirable 
reaction such as the back reaction, as hydrogen recombines with oxygen 
to reform the water. This reverse reaction was studied over Pd/Ti02, 
Au/Ti02 and Ti02. It was found that H2/O2 recombination rate over 
Pd/Ti02 was faster than Au/Ti02 and Ti02. Additionally, this reaction 
occurs easily over Pd/Ti02 whether the light on or off. In the case of
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Au/Ti02) the effect of light was clear on the rate of hydrogen consumption 
while T i0 2, there was no obvious change in both cases (the presence or 
absence of light).
The activities of Ag/Ti02 and Sr/Ti02 were more than T i02 alone in 
the case of water photolysis. It was thought that the hydrogen was 
produced from an organic compound remaining through the preparation 
of these catalysts and not from water splitting.
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6. Conclusions
6.1. Review of the project
Hydrogen production has become one of the most important topics in 
the field of energy. A great deal of research has been carried out, trying to 
improve the rate of production to meet economic needs. Water 
photocatalysis is one method of hydrogen production which was studied in 
this work.
The objective of this project was divided into three parts; firstly, 
investigating the hydrogen production photocatalytically from a 
water/methanol mixture using Pd loaded Ti02; secondly, using non-metal 
loaded T1O2 as a photocatalyst instead of metal-Ti02 with the same aim 
(hydrogen production) and finally, studying pure water splitting over different 
catalysts. In all of these studies, the catalysts were illuminated by a Xe arc 
lamp and the reactions were achieved within a Pyrex flask under inert 
atmosphere (argon). The gaseous products were detected and analysed by 
gas chromatography.
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In Chapter Three, reforming of methanol photocatalytically was 
carried out when Pd/Ti02 was illuminated by UV light in a water/methanol 
mixture producing hydrogen and carbon dioxide. Some of the variables 
which have an affect on the rate of hydrogen production were studied to 
obtain an optimum rate. The most important factors for determining the rate 
were: i) the loading of Pd, ii) the of Ti02 type and iii) the wavelength range of 
light. In the reaction, one mole of water was split by reacting with one mole 
of methanol, by ambient temperature, photocatalytic reforming of methanol.
Although most of the work was done as a liquid phase reaction, the 
rate of H2 production in the gas phase was much higher than that in the 
liquid phase. 0.5% wt. Pd loading on Ti02 P25 gave the optimum rate in the 
liquid phase reaction where as in the gas phase it was 1% wt Pd. 
Furthermore, the induction time for the reaction at high loadings were more 
apparent in the liquid phase than in gas phase due to the sintering of Pd 
particles in the liquid phase reaction. In both phases, the active region 
between the support and the metal has a main role in the activity of the 
catalyst. It was expected that Pd particles may be surrounded by an active 
area which increases with increasing Pd loading until the optimum area is 
reached and then decreases when the particles become close to each other.
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It was found that the rate of hydrogen production over Pd/Ti02 
increased in the presence of methanol at low concentrations up to 10 pi and 
then the reaction was of zero order with any increase of methanol 
concentration. When the metal was entirely covered by methanol molecules, 
the rate was not affected by any increase. Thus the reaction proceeds in a 
langmuirian fashion.
If the methanol molecule was replaced by glycerol, which contains 
three hydroxyl groups, the hydrogen production rate was much higher than 
methanol reforming over both Pd/Ti02 or Au/Ti02. However, the latter was 
less active than Pd/Ti02. The mechanism of glycerol reforming was thought 
to be similar to that of methanol as they produced the same products; 
hydrogen and carbon dioxide.
Finally, different loadings of palladium on mesoporous Ti02 as a 
support instead of P25 were investigated and their results compared with 
that for methanol. Pd/Ti02 was still more active than Pd/MTi02, even though 
mesoporous Ti02 has a high surface area. This may be ascribed to the 
phase structure of titania.
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In Chapter Two, nitrogen was doped on different photoactive supports 
(P25, nanopowder anatase or T i02 [anatase] prepared by CHFS) and 
prepared at different temperatures characterized by XRD, BET surface area 
and SEM. The XRD technique did not detect the nitrogen except at the 
highest temperature when TiN was formed. Similar results were obtained in 
the case of cationic (Ag and Sr) doping which may be ascribed to the small 
particle size and the low loading. For BET surface areas of these catalysts, 
the temperature has a different effect on the surface areas, depending on 
the kind of Ti02. It was shown that BET surface areas of P25 were the same 
before and after nitrogen doping at the three different temperatures. In the 
case of nanopowder anatase, their surface areas decreased with increasing 
the temperature, which may be attributed to sintering. N-T600 has a small 
surface area. In contrast, Ag/Ti02 and Sr/Ti02 prepared by CHFS have 
surface areas larger than all the other catalysts used in this work.
The activities of all these catalysts in the presence of methanol were 
much less than 0.5% Pd/Ti02, but they absorb under visible region. 
However, the hydrogen production rate over Pd loaded N-D450 > N-D550 > 
N-T600 > N-D650 > N-A650. Without Pd loading and/or without methanol, no 
hydrogen was detected over these catalysts. The hydrogen produced in the 
presence of Ag/Ti02 and Sr/Ti02 was small compared to Pd/Ti02.
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In Chapter Five, the rate of hydrogen production from water alone 
over Pd/Ti02, Au/Ti02 and Ti02 was examined was very low in the absence 
of methanol. In addition to that, no oxygen was detected over these catalysts 
indicating that these catalysts, under these conditions, do not catalyse 
overall water splitting. This could be due to a very efficient back reaction 
which was examined. This reverse reaction over Pd/Ti02 was faster than 
Au/Ti02 and Ti02, and occurred even in the absence of light.
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6.2. Future Work
The results obtained from these reactions lead to some questions and 
suggestions which may be beneficial to understand more about the 
mechanism of photocatalytic methanol reforming and improve the rate of 
hydrogen production. The following directions may have a significant role in 
the field of hydrogen production as a practical alternative energy source:
1) The limitation of using Pd/Ti02 or Au/TiC>2 economically is due to their 
absorption under the UV region which represents only 4% of the 
electromagnetic spectrum. Accordingly, other methods are needed to 
enhance the activity of the catalysts under the visible region such as a new 
preparation method.
2) Given glycerol produced hydrogen and carbon dioxide as in the case 
of methanol but with higher quantities, more studies should be undertaken to 
understand the mechanism of glycerol reforming and hence improve the rate 
more.
3) The reaction over Pd loaded mesoporous Ti02 needs more 
investigation during and after the irradiation. In addition, varying the Pd 
loading of this support may give promising results, in terms of higher reaction 
rates.
4) It was proved that doping of TiC>2 by a non-metal increased absorption 
in the visible region. However, such catalysts have low activity for hydrogen
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production. Various studies have been suggested to try to enhance their 
activities such as changing the preparation method, type of metal, and the 
reaction conditions.
5) The reverse reaction (recombination of hydrogen and oxygen) was 
one of the problems which had an affect on the efficiency of the 
photoreaction. Designing a photoreactor which makes hydrogen and oxygen 
generate separately would increase efficiency. In addition to that, further 
work might be needed to develop a catalyst which is able to inhibit such 
undesired reactions.
